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It. is probable that concerning no part of tho vertebrate ner-

vous system have there been Hold views more widely divergent

than those which have been entertained concerning Reissnor’s

fiber.

In 1007, when I took up tho study of this structure, Sargent’s

‘optic redox’ theory had mot with very general acceptance. At

an early stage in my work, however, I obtained proof that the
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nervous system. Accordingly, there will be need, nt. tliis time,

only for a brief review of tlie various suggestions which have
been put forward as to the nature and function of the fiber and
a short account of the present state of our knowledge of the fiber

and its connections, the reader being referred to the above men-
tioned work for further details.

I gladly -avail myself of tliis opportunity to express my thanks

to Professor Dondy for valuable advice and criticism throughout

the progress of the work : also, to the Government Grant Commit-
tee of the Royal Society, for Grants in Aid; to the British Asso-

ciation for the Advancement of Science and the Senate of the

University of London for placing at my disposal their tables at

the Plymouth Marine Laboratory, and to Dr. Allen, Director of

the Laboratory, for the facilities afforded me in the prosecution

of the research.

r. INTRODUCTION

A. A review of the suggestions which have been made concerning

the nature and function of Rcissner’s fiber and the

sub-comnn'ssural organ

1. Roissner (’00), by whom the fiber which now bears his name
was discovered, believed that this

1

Contralfadon’ was simply a

nerve fiber and to him, therefore, it was remarkable principally

on account of its peculiar situation. Ho found it, ns is well

known, lying freely ns an axial thread in the central canal of the

spinal cord of the lamprey. Since the diamotcr of the fiber in

this animal (in which alone ho had observed it) is, approxi-

mately, that of a moderately coarse nerve fiber, it is scarcely

surprising that, its unusual situation notwithstanding, Reissner

came to this conclusion. Kutscliin (’G3) who confirmed Reiss-

ner’s discovery, accepted that author's view of its nature.

Ncitlior of these observers was able to trace the. fiber into the

brain ventricles and they believed it to be confined to the cen-

tral cnnal of the spinal cord.

2. That a nerve fiber should occur in such a situation seemed

to Stieda (’68, ’73) altogether improbable and he decided that

Reissncr’s fiber (‘jenon riithsellmften Strang’) must be an arti-
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fact. He suggested that the alleged fiber was produced by the

coagulation of the cerebro-spinal fluid under the action of the

fixing reagent, pointing out that there was no evidence of its

being related to any nerve cell.

For thirty years this view passed almost unquestioned, Viault

(’76), Rohon (’77), Sanders (’78, ’94) and Gadow (’91) all ac-

cepting it. More recently Kalberlah (’00), Streeter (’03) and

Edinger (’08) have expressed themselves in agreement with

Stieda’s view. That this view was so widely held is, doubtless,

the explanation of the fact that during this period there are found,

in the literature, so few references to the occurrence of the fiber.

3. Interest in this structure revived, however, when Stud-

nicka (’99) reasserted the preformed nature of the fiber. This

author suggested that it was to be regarded as an epithelial se-

cretion, comparable to that which has produced the crystalline

style of the iamellibranch gut. He believed that it is produced

by the cells lining the central canal of the spinal cord and that

it is capable of growing forward, to end freely in the brain ven-

tricles but he made no suggestion as to its function. Kolmer
(’05) appears to be the only author who has endorsed this view

and Studnicka has, himself, since abandoned it (’13).

4. It is a very surprising fact that the extraordinary and quite

conspicuous development of the epithelium beneath the posterior

commissure, should have remained for so long unnoticed. A
brief mention of it, indeed, appears to have been made by Fulli-

quet (’86) but not until 1892 was it figured (very diagrammat.i-

cally) by Edinger (’92) who conjectured that it might be a

glandular body producing some secretion to be discharged into

the cerebro-spinal fluid. Its histology was first carefully de-

scribed by Studnicka (’00) who gave figures of its finer anatomy
in dogfish and lamprey but did not, apparently, realize its con-

nection with Reissner’s fiber.

5. A little later the sub-commissural organ of the Ammocoete
was described and figured by Dend}r (’02) who noted the exist-

ence of close-set cilia clothing its ventricular’ surface and sug-

gested that, in conjunction with certain folds of the choroid plexus
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of the midbrain, it served to establish currents which promoted
the circulation of the encephalic fluid.

0. In the meanwhile Sargent had also asserted the preformed

nature of Reissner’s fiber but had denied that Studnicka was cor-

rect in interpreting it as a secretion. In Sargent’s view the fiber

was a nervous structure.

In several subsequent papers (’01, ’03, ’01) Sargent endeav-

ored to establish this view stating that Reissner’s fiber consists

of ‘‘numerous axis cylinders closely applied to each other and
surrounded by a single thin medullary sheath of myelin.’ ’ These
axis cylinders were supposed to be derived in part from the nu-

merous largo cells of the ‘Dachkem’ and from alleged multi-

polar cells in the habenular ganglion as well as from other mul-

tipolar colls said to bo situated actually within the lumen of the

central canal, towards the liindcr end of the spinal cord. In

toleosts, in which group Snrgont overlooked the remnants of the

‘Dachkem,’ he claimed that the alleged midbrain constituent

“axons” of Reissnor’s fiber were derived from the myriad

colls of the toms longitudinnlis.

Rcissner's fiber was, therefore, according to this author, built

up of two sots of axons running in opposite directions and a

comparison was made between this structure and the giant fibers

of Amphioxus and Annelida. Concerning the destination of the

forwardly running axons there is nothing stated, but those which

were said to arise in the brain were regarded as motor axons

having a very great length, each being supposed to stretch from

the midbrain roof direct to one of the trunk muscles. Sargent

stated that he had seen such fibers leaving the mnin Rcissner’s

fiber in the region of the spinal cord and that these passed out

directly to the musculature, probably by way of the ventral

spinal roots. In the midbrain roof tlio related nerve cells wore

described as in direct connection with the proximal ending of the

retinal neurons so that there was said to be interposed but a

single nervo clement between the sensory (retinal) nerve cell

and the muscle-fiber in the trunk. Sargent suggested that, by

this means, the delay in the transmission of motor stimuli along
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the ordinary (tecto-spinal) conduction paths through a number

of neurons could be lessened in cases of urgency.

Houser (’01) claimed that he had been able to confirm Sar-

gent’s observations, while numerous observers seem to have ac-

cepted Sargent’s theory concerning the function of the fiber.

That, notwithstanding many weighty objections, this theoiy

met with such general acceptance is doubtless to be attributed

very largely to the fact that Sargent claimed (’04) that his ob-

servations had been fulty confirmed bjr actual experiments upon

living animals (vide infra).

7. Although Sargent (’03) was the first to describe the con-

nection between Reissner’s fiber and the sub-commissural organ

(his 'ependymal groove’) he attributed comparatively little

importance to this latter structure, asserting that it served

merely as a support and anchorage for Reissner’s fiber. In this

mew he has been followed recently by Tretjakoff (’13).

Kolliker (’02) recording the occurrence of Reissner’s fiber

in the blind Proteus and other Amphibia, admitted that he had

become convinced of the preformed nature of the fiber. He
appears, however, to have been unable to choose between the

conflicting views advanced by Studnicka, Sargent and Kalberlah.

S. The work of Ayers upon ‘Ventricular Fibers in Myxinoids’

is of interest in that it contains the first suggestion that Reiss-

ner’s fibers might be composed of numerous united delicate

fibrillae springing from ependymal epithelial cells. Whether,

however, he considers these fibrillae as of the same nature as

the ependymal fibers which serve as supporting structures within

the central nervous system, or not, Ayers does not make clear,

and his work unfortunately contains a number of erroneous

statements. He does not, indeed, refer to the fiber by name and
appears to have been wholly unaware of previous work upon the

subject.

Thus, in Bdellostoma, he figures numerous more or less parallel

ventricular fibers which, while they may perhaps represent

several lengths of a much folded and snarled fiber, may equally

well represent some artifact. It certainly is not the normal
condition in this animal. Moreover, it would appear that
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Ayers never saw Reissner’s fiber in the lamprey, since his de-

scription of the ‘ventricular fibers’ in that animal as “a fine-

meshed network of fibrils which .... in life practically

fills the ventricular cavity” certainly can not apply to Reissner’s

fibers. It is extremely probable, therefore, that Ayers failed

to distinguish clearly between coagulum and the fibrillao of

Reissner’s fiber. His conclusion that the fiber was certainly

“an organ of relation bringing all parts of the ventricular cavity

into intimato connection” (my italics) is likewise mistaken, for

Ayers did not correctly identify the brain cavities in this animal,

in which of the iter little remains but the sub-commissural canal.

Accordingly he failed to recognize the distinction which exists

between the tract of modified epithelium which constitutes the

sub-commissural organ and the flattened epithelium which

linos other parts of the ventricular cavity. Concerning the

function of tho fiber he conjectured that it might be “connected

with tho control of tho ventricular lymph supply by vaso-motor

control.”

9. Horsley (’08) describing the occurrence of Reissner’s fiber

in certain apes stated that, in these forms at least, the fiber

had not the structure of a tract of nerve fibers nor, when cut,

did it exhibit Wallerian degeneration. While not denying the

accuracy of Sargent’s statements in so far as they relate to this

structure in the lower vertebrates, Horsley expressed tho opinion

that, in its resiliency, the fiber resembled a chitinous or skeletal

structure and suggested that-, in the higher vertebrates, it had

becomo notliing more, perhaps, than a residual structure.

10. In 1909 I guvo an account. (’09) of the behavior of tho

fiber in recoil and stated that, in my opinion, tho fiber was cer-

tainly noil-nervous. At the same time Dendy (’09) put for-

ward an entirely novel suggestion concerning the function of

the fiber. His suggestion was that the fiber itself was a strand

of connective tissue which played a merely mechanical part,

variations in its tonsion being produced by the flexure of tho

body and every such variation might be supposed to result in a

stimulus being transmitted to the cells of the sub-commissural

organ This latter structure was interpreted as a sensory
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organ, controlling automatically the flexure of the bocfy. He
concluded by expressing the hope that some way would be found

of overcoming the apparently insuperable obstacles which stood

in the way of satisfactory experiments upon the fiber by which

alone could the hypothesis be tested.

11. A study of the development of Reissner’s fiber in Cyclo-

stomes (and Amphibia) led me to the conclusion (’12, ’12a, ’13)

that this structure was formed by the coalescence of cilia-like

processes springing from cells which, while largely collected

upon the sub-commissural organ, are not limited to that organ,

other cells occurring scattered in the ependymal lining of the

central canal contributing to the fiber. In my opinion, the

fiber is to be regarded as a thread of protoplasm. This view

is supported by the staining reactions of the fiber, while its

high refractivity, its power of regeneration and the rapidity

with winch it apparently disintegrates after death are facts

easily explicable upon this hypothesis. Further, its mode of

contraction is paralleled, only, so far as I am aware, in the

scarcely modified protoplasm which forms the stalk of certain

Protozoa.

This mew that the fiber is, in fact, a protoplasmic thread

has since been accepted by Dendy (’12), Studnicka (’13) and
by Tretjakoff (’13). The latter author, however, appears to

have misread Sargent’s papers, for he attributes this view to

that investigator, saying (T3, p. 110) “Sargent zeigte namlich,

dass der Faden noch in embryonalen oder larvalen Leben als

ein Bundel von feinen, cilienahnlichen Fortsatzen der Zellen

der Sub-kommissuralen Grube ensteht.”

12. Tretjakoff (’13), however, while accepting this view of

the nature and function of the fiber suggests that we are mis-

taken (“ich glaube deswegen, dass in diesem Punkt die Theorie
von Dendy und Nicholls falsch ist”) in attributing any sensory
function to the sub-commissural organ. He believes that the

sensory cells connected with Reissner’s fiber are found only in

the epithelium which fines the central canal and holds, with
Sargent, that the sub-commissural organ selves merely for the
support or anchorage of the fiber. These sensory cells are



THE FUNCTION OF RElSSNEn’s FIBER 125

described by Trotjakoff as projecting into the lumen of the

central canal where each is said to end in a small knobbed proc-

ess, which Trotjakoff compares to the bcllpush of an electric

bell. He supposes that the stimulation of these cells is effected

by the pressure of the fiber upon these processes whenever the

body is flexed.

That Tretjakoff’s investigations were made upon material

in which the fiber had boon broken and had retracted is suggested

by his figures. Two only of these depict the central canal. In

one (fig. 20) the fiber (which is invariably very fine in the Ammo-
coete) is seen indistinct and vastly swollen. In the other (fig.

19) the fiber is absont and the lumen of the central canal is

occupied by nuclear bodies, the remains probably of epithelial

cells dislodged from the ependymal epithelium by the fiber in

its withdrawal. Under these circumstances it is not surprising

that Trotjakoff failed to find the delicate filaments which seem

to join the fiber at frequent intervals as I have described (’12 a)

and the occurrence of which has been confirmed by Studincka

(T3, p. 585).

The little knobs (Tretjakoff's bell-pushes) arc almost certainly

the retracted remnants of the fibrillac of those cells which, in

my view contribute to the formation of the fiber and which,

torn free by the dislocation of the fiber, have shrunk back upon

the sensory process of the parent cell.

B. Earlier attempts to determine the function of Eeissner’s fiber by

experimental methods

The first reference to experiment in connection with the ques-

tion of the function of Reissncr’s fiber occurs in a preliminary

paper by Sargent (’01). These experiments were subsequently

described in greater detail in 1904.

In those experiments an attempt was made to break the fiber

by a means of incision made through the choroid plexus of the

fourth ventricle of certain elasmobranchs. Such experiments,

involving, as they necessarily did, the risk of serious disturbance

to the central nervous system or even actual injury' to the brain
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itself, were of little value, for it could not be established that

an3r of the reactions observed were the results simply of the

interruption of the 'optic reflex short-circuit’ alleged to be pro-

vided by Reissner’s fiber.

I gather, moreover, that Sargent relied upon observations

made from dissections to determine whether or not. the experi-

mental incision had really broken the fiber, which appears to me
as an altogether unsatisfactory method. Whether there was a

subsequent microscopical examination of the material is not

clear nor does Sargent state what precautions were taken to

prevent a disturbance of the fiber during the dissection. The
statement that “the cord and medulla of each individual was

preserved for microscopical examination” suggests that a part

only of the nervous system was subsequently cut out. If this

were the case, it is practically certain that, whatever the result

of the experiment upon the fiber, it would be found retracted

in the preserved material.

It is, therefore, a little difficult to ascertain the grounds for

his remark (’01, p. 450) that “animals on which the equivalent

operation was performed without breaking the fiber are nearly

or quite normal.”

Other experiments were made by Sargent (’01) to determine

the effect of artificial extiipation of the eye upon the fiber but

the results obtained were never recorded. Several years later,

experiments were made upon Reissner’s fiber by Horsley (’08).

In this case the subjects of the experiments were individuals of

two species of Macacus. Minute electrolytic, lesions were made
in the spinal cord, at the level of the fifth cervical segment, in

order to break the fiber. No observations are recorded, how-
ever, upon the behavior of the living animals nor are details

given as to the duration of the experiments. Concerning the

appearance of the fiber under the microscope, Horsley remarked
that Wallerian degeneration was not observed in the broken
fiber.

I find, however, some little difficulty in interpreting the ap-

pearance of Reissner’s fiber in the sections figured by Horsley.
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In his figure 10, Reissner’s fiber is seen in transverse section,

occupying quite an appreciable part of the lumen of the central

canal. As it is traced backwards from this level (the first cervi-

cal segment) through the third cervical segment (fig. 9) towards

the point of lesion in the fifth cervical segment (fig. 8), it is seen

to constantly diminish in size. Behind the point of lesion this

diminution in size continues as will be seen in figures 1 1 and 12

but, more caudally, the diameter of the fiber is again seen to

increase (fig. 13), this latter figure representing a section through

the spinal cord in the lumbar region.

Now this is not at all what one would expect to find where

Reissner’s fiber had been broken experimentally. Usually it

would be found that on either side of the lesion there was a
stretch of canal devoid of fiber. Still further from the lesion

the severed ends of the fiber might be found swollen and perhaps

knotted if the material were killed and fixed soon after the lesion

had been made. Tracing the fiber d’stnlly, in cithor direction,

from these' knotted or swollen ends one would expect to find that

the fiber diminishes in diameter until the normal size is reached.

If, however, the killing of the material were postponed for a

considerable time after the experimental operation tho swollen

end and tho spiral twisting would have disappeared and the

fiber would have straightened out backwards, extending practi-

cally to the point of lesion, nearly normal except that it might

not have regained its taut condition. The piece lying posterior

to the lesion might have retracted wholly backwards to the

end of the cord. If tho material were not killed until several

weeks after the operation it is probable that regeneration would

have hugely re-established the normal condition throughout.

The condition figured by Horsley, in which tho fiber is most

swollen anteriorly, regularly diminishes in diamoter towards

and past the lesion (and probably becomes normal in tho thoracic

region) but shows a renewed swelling very far back, suggests

that the condition of the fiber may have had nothing to do with

tho actual experiment. I should judge that sufficient time had

elapsed after the experiment to permit of regeneration, and the
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reception of the fiber. Emerging from the anterior end of this

groove, sometimes as a paired structure (’12 a, figs. 10, 11),

Reissner’s fiber stretches freely through the midbrain ventricle

to the neighborhood of the posterior commissure.

The ventricular surface of the posterior commissure is clothed

by a band of highly developed epithelium which is often folded

in both the longitudinal and the transverse planes. It is to this

remarkable tract of epithelium that the name ‘sub-commissural

organ’ has been given. Owing to its longitudinal folding it has

usually, in transverse sections, a horseshoe shape and partly

encloses a median dorsal groove (the ‘sub-commissural canal’).

Reissner’s fiber, if it has continued as an unpaired structure so

far forward, breaks up at the hinder end of the posterior com-

missure into two or more strands which subdivide within this

median groove into numerous delicate fibrillae which are con-

nected with the cells of the sub-commissural organ.

A study of the development of the fiber indicates that it

arises by the confluence of numerous filaments springing from

sub-commissural organ and that the composite thread so formed

extends backwards into the central canal of the spinal cord.

Within the central canal it probably receives numerous additional

components from scattered cells in the epithelium which hues

the central canal.

Perhaps the most remarkable characteristic of the fiber is its

extreme elasticity. In life it appears to exist under quite con-

siderable tension and to be somewhat prone to accidental break-

age. In that event, or following artificial section, the free ends

may recoil sharply to form tangled knots or ‘snarls.’ The re-

traction is accompanied by a marked increase in the diameter

of the fiber.

This elasticity usually disappears very rapidly during the

process of fixation and the preserved fiber may become distinctly

brittle (fig. 21). If, however, the fiber be severed before fix-

ation is completed a retraction will still take place, but much
more gradually, and it will then be found that the fiber has

become wound in a more or less open spiral. Even where the

recoil has been an abrupt one, resulting in the formation of the
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characteristic knot, a careful examination of this mass will,

almost invariably, reveal the fact that the retraction was ac-

complished by a spiral winding of the fiber.

Such a knot of retracted fiber has, indeed, the form of a con-

torted mass similar to that which may bo produced in any thin

stretched elastic thread of which one end is held fast and the

other end twisted continuously in one direction. I have been
able to obtain practically all stages intermediate betweon such

complicated knots and the simplest spiral (text-fig. 2). Unlike

GO
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Text-fig. 2 Stages in the twisting of Rcissncr’s filwr in its withdrawal from

the point of breakage. A, U, D from Scyllium canicula (9); C, from Pctro-

myzon fluvintilis; E, F, G, II, from Rniablanda (3).

the simple twisted clastic thread, however, the spiral winding

may appear interruptedly in Iteissner’s fiber, spiral stretches

alternating with swollen but untwisted lengths. Moreover, the

twisting does not always make its appearance at the free end

but may arise at a greater or less distance from the point where

the fiber has been broken.

If, / rerefore, the spinal cord has been cut prior to fixation,

Keissj -’s filler may be found to have withdrawn for a relatively

consicu able distance from the point of section and a great stretch

of the central canal may be found devoid of fiber. The extent

of such retraction apparently varies with the region in which the
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fiber has been broken and depends, possibly, npon the size of the

central canal in that particular region for, in the case of a sud-

den recoil, the spiral winding may produce at or near the severed

end a mass of coiled fiber which apparently checks further re-

traction. With the retreating end of the fiber may be dragged

numerous epithelial cells and, around it, will collect a quantity

of coagulum (fig. 17) which may render it difficult to distinguish

exactly the condition of the knotted end.

On the side of the tangle remote from the point of section, the

fiber usually emerges as a coiled thread and thence passes gradu-

ally into a more open spiral. If the fiber has been cut at a

sufficient distance from its attachment, this open spiral may pass

into a swollen but straight stretch and ultimately be found to

pass almost or quite into the normal condition. Broken, how-
ever, near to one of its attachments, the fiber will almost cer-

tainly withdraw violently and completely to that attachment,

from which it may even tear itself free, dragging with it many
of the epithelial cells.

While this retraction which is so characteristic of Reissner’s

fiber is, as I have pointed out (’09), altogether unlike anything
known in a nerve, neither does it altogether resemble the recoil

of a simple (homogeneous) elastic thread. It is, therefore, of

especial interest that I have been able, recently, to detect in a
greatly swollen and retracted fiber what appeal’s to be a fine

deeply staining central axis (fig. 17) ;
the resemblance of the fiber

to the stalk of a Vorticella (with which I have already compared’

it, ’12 a, p. 25) is thereby greatly enhanced. This appearance

is somewhat inconstant and never to be made out in the unrelaxed

condition.

I have been unable to decide whether the numerous delicate

fibrillae (fig. 29) seen in the central canal of the spinal cord are

in organic continuity with Reissner’s fiber or whether they are

merely unusually long cilia which have been cemented to the

fiber after death by the coagulated cerebro-spinal fluid. That
the former view is probably correct .is indicated, I believe, by
the fact that in the cases in which some retraction of the fiber

lias occurred it is very rare to find any of these fibrillae apparently
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related to the swollen and retracted portion of the fiber. In-

stead, in the region in which there has been a dislocation of the

fiber, minute spherules of some highly refracting substance arc

found plentifully, close to or in contact with the free surface of

the ependymal cells. That these are the contracted remains of

such connecting fibrillae, which were, indeed, component fila-

ments of Reissner’s fiber is therefore extremely probable. The
withdrawal of the fiber would inevitably snap such connecting

filaments in the region affected and these broken protoplasmic

strands would naturally shrink backwards towards the surface

of the parent cells.

The view that Reissner’s fiber is a thread of modified proto-

plasm, formed by the complete coalescence of numerous delicate

filaments (or hypertrophied cilia) is indicated by its origin and
is confirmed by its staining reactions. Moreover, it is an inter-

pretation which renders comprehensible its singular elastic recoil

notwithstanding its apparent structureless condition. Such spiral

retraction is met with only, so far as I am aware, in Hie little

differentiated protoplasm of the Protozoa, among which group

,the fusion of cilia is also no uncommon feature.

rr. THE SCOPE OF THE PRESENT INVESTIGATION

From what has been stated above it will be seen that, while

there has been a great variety in the suggestions made as to the

nature of Reissner’s fiber, there have been put forward but three

theories as to its function.

The disproof of Sargent's .statements ns to the nature of the

fiber disposed, at the same time, of his ‘optic reflex theory.’

Ayer’s suggestion was based, as I have shown, almost entirely

upon an erroneous idea of the nature and normal condition of

the fiber and its relation to the ventricles; in any case his view is

not one which could easily be tested experimentally.

There remained Dendy’-> theory which might readily be put

to the test of experiment if a way could be devised of breaking

the fiber without damage to the central nervous system.

Such an operation became possible with my discovery (TO,

p. 527) of the actual condition of the hinder end of the filum
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tenninale in the Ichthyopsida. Elsewhere completely enveloped

by the brain and spinal cord, Reissner’s fiber is peculiarly

accessible at the extremity of the tail, the more so that there is

practically an absence of nervous tissue in the hinder part of

the filum terminale. This structure is, indeed, little more than

a simple tube of columnar epithelium. At the actual hinder

end, Reissner’s fiber may be said to be protected only bjr the

Text-fig. 3 A sagittal section through the extremity of the tail of Raia blanda

(III—experiment 3) to show the position of the sinus terminalis. c.c., cen-

tral canal of the spinal cord (and terminal filament); /X, filum terminale; mn.,

meninges, forming the hinder wall of the sinus terminalis; nch., notochord; R.f.,

Reissner’s fiber; s.l., sinus terminalis; l.p., terminal plug; v.c., vertebral column.

skin and the delicate meninges, between which there lies but a

film of connective tissue (text-fig. 3).

A cut made in the vicinity of the end of the terminal filament

would break the continuity of the fiber, therefore, but would be
quite unlikely to produce physiological results such as to mask or

interfere with the reactions resulting from the disorganization

of the mechanism of which Reissner’s fiber forms a part.

My experiments, then, were intended primarily as an attempt
to determine the function of Reissner’s fiber and its related
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structures by means of observations made upon the living ani-

mals in which the continuity of the fiber had been intentionally

destroyed, but I had other objects, also, in view.

At the time when the experiments were undertaken practically

nothing was known concerning the mode of recoil of the fiber.

Sargent had stated that when cut before fixation the free ends of

the fiber retracted into a knotted mass or ‘snarl’ but he had not

observed that this snarl was spirally wound. I had myself

seen such snarls in several cases in material which had not been

specially preserved for the study of this structure and in which

the spinal cord had been cut previous to fixation (’12 a, figs. 17,

18, 19). In most of such material the fiber was ill preserved

and, in the main, my own attention had been confined to a

determination of the normal anatomical relations of the fiber.

Accordingly, I had taken special precautions to thoroughly fix

and harden my material before severing the spinal cord. Never-

theless, I had come, in the previous year, upon a few examples

of this spirally wound condition which had been obtained unin-

tentionally by a premature cutting of the spinal cord (’12 a,

figs. 12, 16). These accidents, however, had yielded no in-

formation concerning the behavior of the fiber cut in life. It was

naturally supposed that a breaking of the fiber in the living

animal would be followed by a sharp recoil of the severed ends

similar to that which was known to occur when the fiber was cut

in freshly killed material. It was desirable, however, to ascertain

if this were so.

It was anticipated moreover, that the results of the experi-

ments would throw light upon the question of the natural limits

of this recoil. It must be remembered that beyond the mere fact

of the occurrence of a recoil nothing had been recorded, and it

was not even known whether the recoil started by the section

of the living fiber would continue until both free ends hnd re-

tracted to their respective points of attachment or whether, on

the contrary, there would be formed speedily, in the living animal,

a tangle (or tangles) which might (on reaching a size sufficient

to block the lumen of the canalis centralis) automatically check

further recoil in one or both directions.
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In the latter event the tangled end (or ends) might perhaps

afford a temporary hold and so prevent the fiber from being

put completely out of action.

And, finally, there was the problem of regeneration. It was

uncertain whether a tangle, if it were formed, would remain as a

permanent record of the breaking of the fiber, or, if it were a

transient feature, whether it would simply uncoil or whether the

whole fiber, or the tangled part of it, simply disappeared to be

replaced by a new growth.

Upon some of these points a certain amount of light was shed

by the results of the few preliminary experiments carried out in

1910 but upon others the information was too meager to supply

a decisive answer. Upon many of these points much additional

knowledge has been gained from the more extended investi-

gation carried out in the following year.

III. MATERIAL AND METHODS

The curiously exposed condition of the filum terminale in

fishes, coupled with the fact that in both elasmobranchs and

teleosts, Reissner’s fiber is particularly wr
ell developed, largely

influenced my choice of material. My final preference for elas-

mobranchs was determined by the idea that the absence of

bony tissue in the vertebral column wrould facilitate the prep-:

aration of the inevitable large number of series of sections.

I planned, originally, to experiment principally upon the

common dogfish (Scyllium canicula) and to use rays only in the

event of dogfish of suitable size being unobtainable. , Knowing
nothing certainly as to the probable extent of the recoil of the

fiber, I was anxious to make use of comparatively small speci-

mens, for it was possible that serial sections of the entire length

of the central nervous system of all of the specimens might

have to be prepared—a task of no little magnitude.

As it happened, only a couple of reasonably small dogfish wrere

obtained during my stay in Plymouth in July, 1910; relatively

small rays were, however, moderately plentiful, and for the most
paid the preliminary experiments wrere performed upon these

animals.
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Subsequent examination of this material under the microscope

indicated that in most cases it would be necessary to examine
only an inch or so of the spinal cord in front of the place where
the incision was made. This point was almost always within

a third of an inch of the extremity of the tail. The size of the

specimen thus appeared to be of no great importance but this

fact was only ascertained when the material had been prepared

for microscopic examination nearly a year subsequently to the

completion of these preliminary experiments.

Accordingly in the summer (August) of 1D11 I was less care-

ful to restrict my experiments to specimens of small size. I was

thus enabled to obtain, more readily, the many specimens which

I required. In all, a dozen comparatively small dogfish, ranging

from 14 to 20 inches in length, were secured, and, upon these

were performed experiments varying in duration from a few

(tliree) hours in some cases to more than eighteen days in others.

Of the rays, three species were employed, but of one of these,

Raia microcellata, I had but a single specimen and, as in the

previous year, the greater number of the experiments were made
upon specimens of R. clavata and R. blanda. These included

rays which wore barely 0 inches in length and which wore, pre-

sumably, just escaped from the egg case, while others ranged up

to 16 inches. The duration of the experiments, in the case of

the rays varied from a few (ten) minutes to as much as thirteen

days.

The actual operation consisted in severing Reissner's fiber

at a point quite near to the hinder end of the terminal filament

and was practically notlung but a simple prick which rarely

drew a drop of blood although, in some cases, the sections showed

that there had been some effusion of blood into the cnnalis

centralis.

Notwithstanding its trivinl character, liowevor, I was obliged

by the conditions under which the vivisection license was issued,

to perform the operation only upon anaesthetized specimens.

Some trial experiments with the annesthetic indicated that

dogfish were curiously susceptible to chloroform and, despite
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my precautions, two of the subjects of the experiment's subse-

quently failed to recover from the anaesthetic.

Finally it was found that a short immersion of the specimen

in sea-water in which had been shaken up a small quantity of a

mixture of chloroform and ether would induce a sufficient de-

gree of insensibility, and this method was adopted throughout

my series of experiments in 1911. Under this treatment, none

of the specimens died.

The operation was quite easily performed, the subject being

removed from the chloroform water and placed upon the table

with its tail turned upon the side. The necessary prick was

inflicted with the point of a very fine scalpel (which had pre-

viously been sterilized by passing through a gas flame) at a

point usually considerably less than a third of an inch in front

of the sinus ternhnalis. In the dogfish, therefore, the incision

perforated the caudal fin near its hinder border while in the

rays the cut was generally made behind the last dorsal firi (figs.

2, 8). The animal was at once returned to its tank, having

been out of water for, perhaps, thirty seconds. Recovery was
usually rapid and, as might be expected, there was no evidence

of shock.

None of the specimens died from the effect of the operation,

nor in the subsequent examination of the tissues in serial sec-

tions, was there found any indication that morbid or septic

conditions had been set up. Indeed, apart from certain pecu-

liarities of behavior about to be described, and which I attribute

to the breaking of Reissner’s fiber, the animals suffered no ap-

parent ill-effects.

Nevertheless, two or three specimens were lost during the

progress of the experiments from causes indirectly connected

with the experiments. In the second series of experiments a

number of photographs were taken, of normal specimens as

well as of the subjects of the experiments. I could find no record

of previous attempts to photograph living fish, and had accord-

ingly to make a number of trial exposures. At first, attempts
were made to obtain the photographs out of doors by daylight.

Numerous difficulties cropped up however, for none of the out-
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side tanks were glass fronted, and the only available glass-

fronted tnnk, of a size to be readily transported, held but a

comparatively small quantity of water and there were no facili-

ties for connecting this tank with the aerating apparatus. A
prolonged sojourn of the fish in this tank was not possible so

that attempts to photograph under these conditions involved

disturbing the specimens, transferring them in a bucket to the

small tank and then waiting for them not only to settle down but
to settle in a position in which it would be possible to photo-

graph them. One or two lucky snapshots were obtained but

the method was, in general, a failure.

An attempt to photograph the fish in their proper tanks in the

laboratory' encountered other difficulties. Of these the chief

was connected with the light. With subdued daylight a com-
paratively long exposure was needed and it was found in practice

that the head region was always blurred by the respiratory

movements even if the fish did not elect to move bodily during

the process.

In tho end flash-light pliotograplis were taken. The camera

was fixed up opposite tho tank in which was the specimen of

which a photograph was desired and by the light of an incan-

descent gas lamp it was focussed upon a part of tho tank a

little within the glass front. Above the camera was stretched

a piece of string upon which were placed a number of bent strips

of magnesium ribbon. Usually some twenty inches of the ribbon

wero required, divided into four or more pieces. The gas lamp

was then extinguished, and tho aerating tube nnd bulb removed

from tho tank to do away with movement in tho water. As

soon as the specimen settled in a suitnblc position the strips of

magnesium wero lit, ns nearly as possible, simultaneously.

The reflection from the glass front of the tnnk was considerable,

but in somo of the Inter photographs tliis was diminished by

igniting other strips of magnesium suspended immediately

above the tank, care being taken to shield the lens from the

direct rays from this source of illumination. Most of the

pliotograplis reproduced hero wore taken in this way.
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In all, experiments were performed upon sixty-seven elasmo-

branehs, of which twelve were dogfish and the remaining fifty-

five were rays. Two onty, as already' mentioned, died from the

effect of the anaesthetic, while two others died from suffocation

consequent upon my omission to replace the aerating tube in the

tank after the specimens had been photographed.

They were killed by being plunged into a mixture of spirit

and chloroform and, after a brief stajr in this fluid, were evis-

cerated. In this way the blood vessels were practically drained,

which greatly facilitated the rapid dissection necessary to expose

brain and spinal cord, there being no troublesome effusion of

blood from cut vessels within the brain case. The partial!}'

dissected specimens were immersed in a large vessel of fixing

fluid (Tellyesnicky’s bichromate-acetic mixture) and the further

dissection required to expose the greater part of the spinal cord

was completed under the fluid. To dissect away the vertebral

column from the hinder part of the spinal cord and the filum

terminale is, however, a very delicate operation, which involves

considerable risk of damaging the nervous system. The exposure

of the spinal cord was, therefore, carried only to within a couple

of inches of the end of the tail. Behind this point I was con-

tent to strip away most of the skin and muscles, about half an

inch at the actual extremity being left quite untouched. In the

case of the dogfish the. last inch (or even more) of the tail was
left intact.

The preparation of the senes of sections proved unexpectedly

difficult. In general, a piece of the tail, about an inch in length,

was removed—this piece including the point of experimental

lesion—and prepared for sectioning.

My intention was to cut this terminal piece sagittally in order

that the point of experimental incision and a considerable

length of the filum terminale before and behind this point

might be seen in one and the same section. To avoid risk of

damage to the sinus terminalis it was found expedient to retain

undisturbed the skin upon the last half inch or so of the tail and
the terminal piece, therefore, contained the bases of numerous
spines embedded in the skin, and separated from the axis of



THE FUNCTION OF REISSNER’s FIBER 141

partly calcified cartilage by particularly tough connective tissue

with contained fin-rays. These several structures became
greatly indurated during the prolonged paraffin embedding

which was found to be necessary. Moreover, the various tis-

sues contracted unequally during this process with the result

that despite many precautions a very troublesome crumpling

was often produced.

This was most in evidence near the actual extremity of the

tail and thus affected, principally, the region behind the incision

so that, while it was usually easy to determine if the fiber had
retracted backwards from the lesion it was sometimes extremely

difficult to certainly recognize the contracted piece of fiber.

Especially was this the case when a considerable infiltration of

blood into the sinus teiminalis had accompanied or followed the

recoil of the fiber.

In such sections, the filum terminale appears as a number of

isolated pieces, often cut quite obliquely and a diagrammatic

sagittal section through the sinus teiminalis, such as that seen

in text-figure 3, was but rarely obtained.

Apart from this crumpling the tail usually becomes bent at

the place where the incision was made, so that the lengths of

filum terminale before and behind the incision rarely lay in the

same plane, notwithstanding that weight's were used during the

process of embedding to keep the tissue as nearly flat ns might

be. In front of the experimental incision the crumpling was less

noticeable, the vertebral axis being more rigid, and the muscular

and other soft tissues liable to contraction having been, for the

greater part, removed. Nevertheless, even here, a certain cur-

vature almost invariably occurred. Further, the greater hard-

ness of the cartilage in this region often caused the sections to

cut very unevenly. This irregularity could be largely avoided,

it was found, by cutting rather tliick sections (not less than 30 a)-

The lumen of the central canal, however, in the lender part of

the spinal cord of the rays examined has a diameter which rarely

exceeds 30 a and in such sections, therefore, the whole of the

central canal may bo included within the thickness of a single

section or a relatively thick layer of overlying tissue may serf-
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One other point must be mentioned here. In the ray the ac-

tual position of the terminal sinus varies slightly, it was found,

in different individuals. In the case of the specimen of Raia

blanda figured (text-fig. 3) this terminal chamber extended

downwards behind the extremity of the notochord, which is, I

believe, the strictly primitive condition. It occurs, however,

less frequently in this position than might be expected, and in

many cases it lies altogether dorsal to the notochord, not always

extending even to the posterior extremity of that structure.

Whether there has been some mutilation in these cases or whether

on the contrary there takes place, normally, a certain amount of

resorption of the tissue of the terminal filament, I can not

decide.

In some teleosts I have found what are, almost certainly,

stages in the disappearance of the postero-ventral (post-chordal)

part of the neural tube. I find, moreover, that the corrugation

of the hinder end of the filum terminale in small rays which I

have described (’12, p. 423) as so strongly suggestive of neuro-

meric constriction, is likewise frequentfy met noth in the vanish-

ing vestiges of the filum terminale in the region of the disappear-

ing tail in the recently metamorphosed anuran.

While these- facts suggest that the variation in position of the

sinus terminalis of the ray may be due to some extent to the ab-

sorption of tissue in this region, 1 the possibility of mutilation

must not be ignored. The actual end of the tail of the ray is

soft and not protected by spines, and specimens which have suf-

fered quite considerable mutilation are by no means rare. The
terminal sinus, too, in those specimens in which it lies wholly

dorsal to the notochord (fig. 19) rarely shows that bulbous ex-

pansion which is seen in examples in which the sinus terminalis

has the postero-ventral position (fig. 20) but has quite a marked
resemblance, in shape, to the secondary terminal sinus which I

1 That an absorption of tissue in this region does occur in rays is suggested

by Beard’s statements (’9G, p. 55, footnote 2), that the young (Raia radiata)

immediately prior to escape from the egg case are shorter by a centimeter or so

than embryos a month younger. Some of my own specimens which were six

inches or less in length must, almost certainly, have been quite newly escaped
and the process of resorption was possibly incompleted.
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have found produced as the result of my experiments ('12,

text-fig).

Be the reason for this variation in position what it may, it

has a certain importance in this investigation, for in one or two

cases where the sinus terminaiis lay unexpectedly far forward,

the incision (wiiich was made in the postero-ventral region of the

tail, being planned to break the fiber actually in the sinus ter-

minalis) missed the terminal filament altogether.

Of young dogfish, only recently emerged from the egg-case, I

have had no material but in the adult there appears to be little

variation in the position of the terminal sinus.

In several cases, both dogfish and rays, the cnt was made in

the region of the terminal filament but just a trifle too far dor-

sally, and the sections show that, although the cut, penetrated

the neural canal, the filum tcrminnle and surrounding pia mater

escaped damage.

Such specimens in which the experimental incision failed to

break the fiber served well as control specimens. Other control

specimens were simply anaesthetized without undergoing the

usual operation. These latter on recovery' behaved in perfectly

normal manner.

IV. OBSERVATIONS UPON TIIE LIVING ANIMAL

I. Upon normal material

The experiment carried out. in 1910 had almost immediately

directed my attention to the fact that a frequent, if not an invari-

able, consequence of the operation was the assumption by the

subject of the experiment of a very distinct attitude while at

rest. Accordingly, during the time spent at Plymouth both in

1910 and 1911, while the experiments were going on in the

laboratory, very constant and careful attention was given to the

numerous normal specimens which were kept in confinement in

the adjoining aquarium. Control specimens, too, were kept

under observation in small tanks in the laboratory under condi-

tions precisely similar to those in which the subjects of the

experiments wore maintained.
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quently followed by a period of marked activity. In this case

the animal would dash about the tank, commonly blundering

heavily into the confining walls. This phase rarely endured for

long, but gave place to a quiescent stage in which the animal

apparent^ exhibited a preference for the darker part of its tank.

Settling down, it might remain inactive for comparatively long

periods, moving onljr when disturbed. In other cases the speci-

men, recovering from the anaesthetic, passed directly into this

lethargic condition. I imagine that this difference in behavior

was due to the varying degree in which the animal had been

affected by the anaesthetic, a slight degree of insensibility being

marked by the erratic activity when volition was recovered.

Be tills as it may, the assumption of some posture of the body
unlike that which I have described above as normal, was fre-

quently manifested very soon after the quiescent stage was

reached. In some cases it appeared within ten minutes of the

operation. Both the head and tail would be gradually lifted

until the long axis of the body, from being a straight line would

become markedly curved (figs. 2-5). The tail was, in general,

sharply upturned from its base, while the trunk region was up-

lifted upon the pectoral fins from a region just behind the head.

In the rays, owing to the great development of the pectorals,

this appears to give rise to a transverse curvature of the anterior

part of the body, as seen from in front (figs. 9, 13, 14).

There may be also a distortion of the long axis in the hori-

zontal plane, the trank and tail being bent several times from side

to side (in some of the dogfishes) or with a single sharp bend of

the hinder part to one side (rays and dogfish).

It is probable that a disturbance of the poise of the body
exists, likewise, while the animal is in motion. It is, however,

very difficult to be sure of this. In some of the dogfish, certainly,

uniform undulation of the body in swimming seemed to be re-

placed by a less even movement which is perhaps best described

as a wriggling action.

These reactions did not always make an appearance quickly

after the operation. In some cases their advent was delayed for

days even, and in yet others, as will be seen from the detailed
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record given below, they never appeared at all. The explanation

of these apparent exceptions must be deferred until after the

account of the microscopical examination of the experimental

material.

The duration of the reaction also varied considerably, persist-

ing in some cases for a few hours only, wliile in others it endured

for several days. In a few cases it appeared to be intermittent.

V. A SUMMARY OF THE RECORD OF TIIE EXPERIMENTS AND AN
ACCOUNT OF THE EFFECTS UPON REISSNER'S FIBER

A. Scyllium canicula

2 , The experimental incision was made at noon on July 7, 1910.

The specimen quickly recovered and, although somewhat sluggish,

appeared to swim normally. At rest, its body was bent slightly but
otherwise the posture seemed normal. No change was observed
until July 11, when the ventral border of the caudal fin was seen to

be lifted slightly (about half an inch) from the tank floor. The ani-

innl became more sluggish and, if disturbed, soon returned to rest,

exhibiting an apparent preference for the darkest corner of its tank,
which rendered observation more difficult. The tail rested, more-
over, against a sloping part of the tank where wall and floor met.
It was impossible, therefore, to be sure whether the tail was really

slightly lifted by muscular effort or merely upraised on account of the
elevation of its support. The whole body, however, was seen to be
considerably curved. On J11I3' 13 and 14 the fish was more restless

and upon the 15th, when seen at rest, the long axis of the body was dis-

posed in a straight line (for the first lime since July 8). During the

following day it was noticed that the body of the fish was once more
bent from side to side in long wavy curves, but with the tail, as be-

fore, supported upon the sloping part of the tank. Next day, however,

it was found resting well away from (lie back of the tank anti the tail

was uplifted, a clear two inches, from the floor. By midday on the

18th this reaction was still more marked and the hinder part of the

trunk and tail were bent sharply to one side. Throughout the two
succeeding days this reaction was pronounced. On July 21 the fish

had reverted to an earlier posture, with the tail supported against

the sloping part of the floor, but by midday it was once again well

out in the tank with the tail held well off the floor. On the next day
the reaction was less marked though the body was still bent. During
July 23 the reaction was scarcely discernible and later in the day, when
it was decided to kill the specimen, the fish appeared normal. It

showed very marked activity in its attempts to avoid the net, swimming
with a wriggling movement (the head anil forepart of the body being

twisted quickly from side to side). This action in swimming had been
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noticed on several previous occasions. This specimen, then, gave a

marked reaction lasting for 13 days. Duration of the experiment 16

days +.
The sections showed that, in front of the incision, a secondary sinus

terminalis had been produced into which Reissner’s fiber is seen to ex-

tend and, in contact with the hinder (meningeal) wall of which, it

flares. Apparently it has just become attached thereto (fig. 31).

Behind the incision the fiber has apparently entirety disappeared.

9. This specimen, for nearly a week after the operation (performed

on July 12), showed a curious restlessness, not once being observed at

rest until the morning (10 a.m.) of July IS. This activity was fol-

lowed by an equally marked lethargy. The specimen took up a posi-

tion in the dai'kest corner of the tank, where it lay with the body
bent upon itself at a sharp angle and the tail supported against the

sloping part of the tank. Not until July 22 was the specimen seen, in

repose, away from the wall of the tank when it was found resting with

the end of the tail slightly' lifted: the flexure of the body was nearly

straightened out. It was killed on July 23 the experiment having
lasted 11 days.

In the sections the fiber (in front of the lesion) is found to extend

backwards nearly to the place where the filum terminate was severed.

It is probable, therefore, that the fiber had nearly recovered from the

effect of the operation but the experiment was ruined by an accidental

cut made, far forward in the trunk region, when exposing the spinal

cord. The fiber in the piece examined is much swollen and continu-

ously-twisted (text-fig. 2), undoubtedly' due to a (backward) re-

traction from this distant cut.

20. The incision was made at 11.15 a.m. on August 3, 1911, and, by-

noon, the tail was lifted slightly' so that the lower border of the caudal
fin no longer rested upon the tank floor. When disturbed, the fish

swam with a quick wriggling action (cf. 2) and came to rest in a curi-

ous attitude in a corner of the tank, the anterior part of the trunk
being poised vertically', supported by' the adjacent walls of the tank,

while the posterior part lay' out horizontally' upon the tank floor (cf. the
ray, fig. 11). After being again disturbed, it once more came to rest

in this peculiar attitude and so remained until 3 p.m. at which time
it was again compelled to move. It was observed to swim in quick
rushes, even leaping partly' out of the water, and the wriggling move-
ment was very' noticeable. Ten minutes later it had settled down
with the end of the tail slightty lifted but resting lightly against the
tank wall. It was disturbed y'et again and was subsequently induced
to settle well away' from the walls of the tank and the tail was then
seen to be held at least an inch and a half from the floor, and' it con-
tinued in this attitude until 4.15 p.m. when it was accidentally dis-

turbed. During the next half hour it was repeatedly' set in motion
by the movements of another dogfish which shared the tank. It

settled down six several times in the same attitude (with head and tail

lifted) once or twice essaying the half vertical position which it had
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assumed earlier. By 4.45 p.m. the tail was lifted more than two inches
from the floor. The specimen was then driven about the tank and
compelled to swim actively for several minutes and then removed and
killed. There was in this case a well marked reaction which endured
for the entire period of the experiment—5j hours.

In front of the lesion the fiber has completely withdrawn from the
piece of terminal filament and spinal cord examined.

21. The incision was made at 11.40 a.m. August 3. Upon recovery
from the anaesthetic the specimen adopted the normal attitude. It

was killed at 10.30 a.m. August G, having given no apparent reaction
during the three days of the experiment.
The sections are poor but show that the incision missed the terminal

filament and thus failed to break the continuity of the fiber which is

seen to be of normal diameter and to lie tautly stretched.
22. Within 10 minutes of the operation (performed at 10 a,in..

August 4) a marked reaction appeared, the lower border of the caudal
fin being lifted a clear two inches from the tank floor. The animal
was sluggish and, after being disturbed, reverted always to this atti-

tude. It was twice photographed later in the afternoon but the reac-
tion had then become less marked (figs. 2, 3) but continued as shown
until the specimen was killed at 5 p.m. Duration of the experiment
7 hours.

The fiber has apparently been withdrawn forward from the lesion

completely beyond the anterior limit of the piece of spinal cord
sectioned.

23. The incision was made at 10.10 a.m. August 4, but was followed

by no apparent reaction and the specimen continued normal until it

was killed on August 22. It was photographed on August 7 (fig. G).

Duration of the experiment 18 days 8 hours.

The sections show that the cut failed to penetrate the neural canal

and the normal Beissner’s fiber may be seen lying tautly stretched in

the central canal of the undamaged terminal filament.

24. The incision was made at 4 p.m., August 4, and the usual reac-

tion was noticed within half an hour of the operation, the caudal fin

being lifted two inches or more. It was, however, less sluggish than

the subject of the preceding experiment and frustrated all attempts
to obtain a photograph during the early days of the experiment. The
reaction continued uninterruptedly until the evening of August 8,

the photograph (fig. 5) being obtained about midday on August G.

From the 9th onwards the reaction appeared intermittently and during

the whole of the 10th the caudal fin was observed to be resting lightly

upon the floor of the tank though the head was still somewhat raised.

Late in the evening of tbe 15th and again at noon on the 2 Stli the tail

appeared slightly lifted for a while, but for the most part the reaction

rarely appeared for any length of time after the morning of the 14th

August (the eleventh *day of the experiment). The specimen was
notably sluggish during the later stage of the experiment and passed

most of the time in a corner of the tank, with the tail supported upon



152 GEORGE E. NICHOLLS

the sloping surface there. It was killed at 6.30 p.m., August 22.

Duration of experiment 18 days 2b hours.

The severed (hinder) portion of the terminal filament had not

markedly disintegrated but the short length of Reissner’s fiber sepa-

rated by the incision has altogether disappeared. There is visible some
disorganization of the terminal filament in front of the lesion, but a

little in front of the point where the cut was made the lumen of the

central canal seems to have been widened somewhat, perhaps, to form
a secondary sinus terminalis. Stretching backwards to this point,

there is seen a flimsy wrinkled and fibrillate structure which is, I be-

lieve, the expanded hinder end of Reissner’s fiber.

34. The incision, which was made at noon, August 14, was followed

within a quarter of an hour, by a distinct reaction (fig. 4). This con-

tinued and was well marked at 3 p.m. when the specimen was killed.

Duration of experiment 3 hours.

In front of the region where the experimental incision was made,
the fiber is found retracted and swollen with some spiral twisting.

Behind the point of injury the fiber is markedly swollen and appears
fibrillar.

33. The incision was made at 12.05 p.m., August 14, and by 1 p.m. a

slight reaction had appeared, but for the greater part of the day, the

animal rested with the tail turned over upon its side. The whole
body was strongly curved. During the following day this same atti-

tude was largely maintained but at times the tail was seen to be lifted

considerably. The specimen was killed at 8.45 p.m., August 15, the

duration of the experiment thus being 1 day 8f hours.

Reissner’s fiber is found swollen, retracted forward from the region

of the experimental incision and, at the free end, is slightly spirally

wound. Traced forward^ this spiral becomes a very open one and the
fiber passes into a comparatively straight course. It probably repre-

sents a stage in unwinding.
43. The incision was made at 11.20 a.m., August IS, and was quickljr

followed by the usual reaction, the head being well raised. By noon
the tail, also, was well lifted and the head still further raised. At
7.15 p.m. when the specimen was killed, the reaction appeared less

pronounced. Duration of experiment 's hours.
In front of the lesion, Reissner’s fiber had disappeared entirely from

the length of tail examined. Behind the incision also, the fiber has
evidently contracted, the canal being devoid of fiber nor can the con-
tracted piece be certainly recognized.

44. The incision was made at 11.45 a.m., August IS, but no reaction
appeared either upon this or the following day. The specimen was
killed at 8 p.m., August 19. Duration of experiment 1 day 8} hours.

The fiber though severed has apparently been gripped by the ad-
pressiyn of the walls of the terminal filament and there has been no
retraction of the fiber in either direction (fig. 30).
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B. Raia blanda

3. Tliis specimen was one which failed to recover from the anaes-
thetic. Some 2 to 3 hours after the operation it appeared to he dead,
the central nervous system, therefore, was partially exposed and
preserved.

The sections show that the incision severed the fiber but at the
same time apparently pinched together the walls of the terminal fila-

ment sufficiently to hold the cut ends. Behind the incision, therefore,
the fiber is found, stretching backward from the region of the lesion

to the sinus terminalis. It is somewhat swollen, the swelling becom-
ing more marked as the terminal sinus is neared and, actually within
the terminal chamber, it becomes greatly swollen and coiled. The
terminal plug is obscured by this retraction and cannot be certainly
identified (text-fig. 4).

In front of the lesion Reissncr’s fiber is found, cverjqvhcro in the
length of the terminal filament examined, much swollen and most
remarkably coiled, all the later stages of spiral winding (short of the
production of actual tangles) being found in this short extent of cen-
tral canal (text-fig. 2). Regions in which the fiber is simply twisted

alternate with others in which the coifing is quite complicated and it

is probable that the original (uncontracted) length of the fiber included
in the piece examined was many times that of the length (about J
inch) of the containing central canal. The evidence suggests, there-

fore, that there must have been in progress, at the time the incision

was made, a very definite retraction of the fiber in a backward direc-

tion from a point well in advance of the experimental cut. This cut
clearly checked further retraction behind the lesion, but in front the
retraction probably continued until it was stopped by the hardening
action of the fixing fluid several hours subsequent to the operation.

4. The incision was made at 10 a.m., July S, and was followed by a

quick recovery. Thereafter, the fish swam about with its tail turned

dorsally. Six hours later, when seen at rest, it was noted that its tail

was turned sharply to one side and that the extremity was raised at

least an inch. The tail was still lifted at 9.30 a.m. next day but later

this peculiarity was less pronounced. The specimen was killed at 3

p.m. Duration of experiment 1 day 5 hours. .

The sections are poor and very obliquely cut. A considerable clot

occupies the central canal for some distance in cither direction from

the experimental lesion. Behind the region of the incision I have

failed to recognize Reissncr’s fiber but in front it can be made out

vaguely, apparently lying somewhat slnckly against the epithelial

lining of the central canal and with some trace of irregular swelling

and coiling (fig. 1G).

7. The incision was made at 10.30 a.m., July 9, and was quickly

followed by an elevation of the end of the tail, the whole tail licing

turned slightly to one side (the left). By July II the fish appeared to

have become normal, excepting that it continued to exhibit a prefer-
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encc for the dark corner of its tank and adopted the somewhat un-
usual action in swimming noted in no. 5 (Raia clavata). During the
11 succeeding days, it was observed at frequent intervals but was
apparently normal throughout this period.' On July 22 it was killed
Duration of experiment 13 days +.

This tail was examined by means of sections cut transversely which
proved to be quite unsuitable for the purpose of this investigation.

The fiber is found in the more anterior sections, where it appears not
markedly swollen and has apparently nearly made good any retraction
which may have taken place after the operation.

8. The incision was made at 10 a.m., July 13. By 10.30 a.m. the
specimen had completely recovered from the anaesthetic and had at-

tached itself to the (vertical) glass plate forming the front of the
tank, the tail being lifted slightly and turned to the left. This con-
dition persisted for an hour or so but by midday the ray appeared nor-

mal. It was killed at 11 a.m., July 14. Duration of the experiment
25 hours.

There was no considerable retraction of the severed ends of the
fiber, in either direction from the lesion, these being entangled appar-
ently, in the clot which occupies the central canal for some distance.

From this clot the fiber may be traced tautly stretched and of normal
diameter.

10. The incision was made at 11.30 a.m., July 13, and was followed

very quickly by a marked uplifting of the tail. An hour after the
operation the ray was found adhering to the wall of the tank with the

tail swung out dorsaliy and to the left. The reaction continued to be
marked during the three following days. By the morning of July 17,

however, the ray was seen with the tail carried normally and, there-

after, the specimen appeared normal until July 23 when it was killed.

Duration of experiment 10 days.

For some distance in front of the experimental lesion, the central

canal is found empty of fiber. The free end of the fiber is found,

about half an inch in front of the lesion, swollen and thrown into a

loose tangle (fig. 20), from the anterior end of which the fiber emerges
much less swollen and fairly- straight. No part of the fiber shows; any
trace of spiral twisting.

11. The incision was made at 10 a.m., July 20, with a fine knife from
the right side, care being taken not to penetrate completely through

the tail. The usual reaction did not appear, hut there was some dis-

placement of the right pectoral fin which was brought up sharply

dorsaliy. Next morning the ray appeared entirely normal. Itwas
kilted at 4 pan., July 22. Duration of experiment 2 days G hours.

The sections show that the incision missed the filum terminate and

the fiber, therefore, remained unbroken.

19. The incision was made at 4.10 pan., August 2. The specimen

was kept under observation until it was killed on August 9 but during

the whole of this time nothing unusual in its behavior was noted.

Duration of experiment G days 20 hours.
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The filum terminate behind the lesion appears empty of fiber but
an indistinct mass, which is apparently a tangled heap of fiber is seen

in the sinus terminalis. In front of the lesion the fiber is slightly'
- with-

drawn, the end being swollen and somewhat spirally coiled.

29. The incision was made at 4.20 p.m., August 7, and the ray was
kilted at 7.15 p.m. on August 10, no reaction having appeared in the
meanwhile. Duration of experiment 3 days 3 hours.

The sections establish that the incision failed to sever the filum

terminate and the fiber which is unbroken maintains its normal diameter
and is seen tautly stretched.

41. The incision, made at 5.55 p.m., August 17, was followed, very
quickly, by a reaction. The snout was lifted markedly and the whole
body was arched up. The ray was disturbed several times but in-

variably returned to rest in the same attitude. By 8.30 p.m. the
reaction had become less pronounced and by noon next day, when
the specimen was kilted, it was much less marked. Duration of ex-

periment 18 hours.

In the terminal piece of the tail, . Reissner’s fiber is found slack,

swollen and retracted for some distance from the region of the experi-

mental lesion. Another piece of the spinal cord, taken some consider-

able distance in advance, showed the fiber very slightly slack and
little swollen.

49. The incision was made at 11.15 a.m., August 21. A marked
reaction very quickly appeared, affecting the pose, both in swimming
and at rest. At noon, the snout and tail were down but the body
remained curiously humped up. The specimen maintained this atti-

rude until it was kilted at 12.45 p.m. Duration of experiment 1^
hours.

A conspicuous clot has formed in the region of the lesion and extends
into the central canal both before and behind this point. Reissner’s

fiber is seen extending backwards from this spot as a swollen, loose

and slightly knotted thread. In front of the incision, the fiber emerges
from the clot (fig. 22) markedly swollen and coiled interruptedly, in

which condition it continues throughout the entire length of the piece
of spinal cord examined. The penultimate piece reveals the fiber still

more swollen and more markedly twisted. It is clear, therefore, that
although there has been no withdrawal, in either direction from the
region of the experimental incision, the fiber was, nevertheless, under-
going a marked contraction. The only possible explanation was that
the fiber had been broken farther forward and that a backward recoil

had been set up, that having begun probably at or about the time of

the operation. To test this point, another piece of spinal cord wras
taken from a place well forward in the trunk. The sections showed
that, here, the central canal wras perfectly devoid of fiber, a flimsy
hollow cylinder of coagulum (?) occupying the center of the canal
(fig. IS).

51. The incision which was made at 11.30 a.m., August 21, was not
apparently productive of any reaction. The specimen wras kilted at

5 p.m. on the same day. Duration of experiment 5-1 hours.
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The tail had clearly been truncated earlier in life but bad com-
pletely healed and a secondary sinus terminalis had been fonned.
The experimental cut failed to break the fiber which is seen of normal
size and tautly stretched.

52. The incision was made at noon and was followed by a scarcely
perceptible reaction. The ray was killed at 3.30 p.m. Duration of
experiment 3J hours.

The fiber was severed by the incision but the free ends, which are
slightly knobbed and swollen are entangled in a clot and thus, presum-
ably, retraction has been prevented.

63. The incision was made at 12.05 p.m. and was quickly followed by
a fairly definite reaction which, however, was not evident at 2.30 p.m.
when the specimen was killed. Duration of experiment 2.1 hours.
The fiber is seen cut and slightly slackened but the free ends have

been withdrawn only for a short distance from the lesion.

02. The incision was made at 8.30 p.m., August 21, and was seen
to be followed by a marked swimming reaction but the specimen was
not seen in repose, after the operation. It was killed at 10.30 p.m.
Duration of experiment 2 hours.

The sections are poor hut serve to show that the filum terminate
was cut. No fiber can be made out in such parts of the central canal
ns I have been able to examine. It is probable that the fiber has re-

tracted forward, beyond the anterior limit of the piece of tissue

sectioned.

03. The incision was made at 11.10 am., August 22, and was fol-

lowed by a mnrkcd swimming reaction. At 11.40 n.m. it settled down
but the tail was not displaced. It ivas killed immediately. Duration
of experiment 30 minutes.
The fiber had been cut and had, apparently, retracted forwardly,

completely from the filum terminate in the piece of tail examined.
GO. The incision was made at 11.35 a.m. and was followed by a

marked reaction. The ray was kilted at 12.20 p.m. Duration of

experiment, 45 minutes.
The fiber was cut and lmd retracted some distance forward. In

the sections it may be seen lying slackly in an undulating course but
is not appreciably swollen.

C. Raia clavala

5. The incision was made at 10 n.m., July 8. By 5 p.m. the hinder

part of the tail was seen to be lifted ami this reaction was manifested

throughout the evening and became still more marked next day. On
July 11, the specimen appeared very lethargic and, on every occasion

after being disturbed, returned to rest in the darkest part of its tank.

In swimming, the specimen would remain poised nearly vertically,

with a curious hovering movement, for 10 minutes or more nt a time,

its tail being turned sharply dorsally. At rest, so far a? could he seen,

tiio tail was disposed normally, but next day it was held uplifted for
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D. Raia microcellata

61. The incision was made at 7.15 p.m., August 21. At 10.30 p.m

the tail was distinctly raised and remained so until the specimen was

killed at 11 p.m. Duration of experiment 3f horns.

Sections prepared through the tail were useless. The brain was

sectioned, sagittally, and showed the fiber lying in normal position, of

usual size and apparently tautly stretched, so that if retraction of the-

fiber took place in the tail region, it had not extended forward to the

head.

In all, serial sections were prepared of sndy-two specimens. 2

Of these, the microscopical examination showed that in one case

(16) the hinder part of the spinal cord was in an advanced stage

of degeneration due to an accident which must have occurred

at some time prior to the experiment. The sections through

the region including the point of injury were, in five cases (30,

50, 61, 63, 69),, absolutely worthless and two others (32, 48)

were somewhat fragmentary and of value only in establishing

that the experimental incision had severed the filmn terminale

(and therefore Reissner’s fiber), while in another instance (70)

the sections are, for the most part, very thick and Reissner’s

fiber can be but doubtfully distinguished. In this case the

experimental incision did not penetrate the Slum terminale.

Sufficiently satisfactory sections were obtained, therefore, in

fifty-three examples. Of these Reissner’s fiber shows a most
remarkable coiling in two cases (3, 49) which must be attributed

to the breaking of the fiber very shortfy before the experiment.

In the former of these, moreover, the specimen never recovered

from the anaesthetic and afforded, therefore, no reaction. Two
experiments (9, 39) were vitiated by an accidental cutting of the

spinal cord very far forward, while the fixation was incomplete

and in both of these cases, also, an interesting spirally wound
condition of the fiber was produced. Apart from these four

experiments, in which there was definite evidence of an interfer-

ence noth the condition of the fiber before or after the experi-

: Four specimens (1, 25, 27, 31) which died during the progress of the experi-

ment had been so long dead, apparently, as to be worthless for the purpose of

this investigation. A fifth specimen (33) was unaccountably mislaid.
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ment, there are three cases (19, 46, 55) concerning ivhich 1 am
in some doubt as to the correct interpretation of the sections.

Excluding for the present these seven experiments which, for

one reason or another, are inconclusive, I have, I believe, very

definite evidence concerning the condition of Reissner’s fiber in

no fewer than forty-six specimens. The conclusions at, which I

have arrived aro based solely upon the reactions in these speci-

mens, about which there appears to bo no question.

The subjects of these forty-six experiments may be classified,

according to the effect of the experiment upon Reissner’s fiber,

in four groups.

1. Six specimens (nos. 11, 15, 21, 23, 29, 51) in which it was
found that, the experimental incision missed the filum terminalo

and thus failed to break the fiber.

2. Nine specimens (nos. 8, 18, 26, 28, 36, 38, 42, 44, 45) in

which the fiber, although broken by the incision, failed to re-

tract, forward, or in either direction. The severed end (or ends)

were hold, apparently, by the adpressed walls of t.ho filum ter-

minalo or, in somo cases, secured from subsequent slipping by
the clotting of blood which had escaped into the central canal

from the cut meningeal vessels.

3. This, the largest group, includes thirty specimens in which

a moro or less extensive retraction of the fiber had followed upon

the experimental incision. While in some individuals (37, 52,

53, 64, 66) this retraction was not very great, in others (10, 17

20, 22, 34, 35, 40, 41, 43, 54, 56, 57, 58, 59, 60, 62, 65, 67, 68) it

was very considerable. In at least five (4, 5, 6, 7, 24) it may
have been very extensive, also; but, if so, it had been largely

repaired before the termination of the experiment.

4. A single specimon (2) in which the process of regeneration

was apparently nlmost completed.

ir, jocipul or couruivmj! seuroloot, vol. NO. 2
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VI. THE RELATION BETWEEN THE CONDITION OF REISSNER’S
FIBER AND THE REACTION OBSERVED1.

In the subjects of the experiments

1. Of the six specimens included in the first group two were

dogfish. The duration of the experiment varied from a little

less than 6 hours (51) to nearly 19 days (23). In not one of

these specimens, in which the experimental incision failed to

break the fiber was there any reaction.

2. In the second class come nine specimens in which, although

the experimental incision was successful in breaking the fiber,

tins did not undergo retraction forward from the lesion. All

but one of these specimens were rays and the duration of the

experiment varied from three-quarters of an hour (38) to nearly

7 days (18). For the most part, however, the specimens were

killed in the first or second day.

Six specimens were not visibly affected by the operation,

while the remaining three exhibited a scarcely perceptible re-

action. This took the form either of a very slight uplifting of

the tail for a quite brief period (8) or of a trifling elevation of the

snout (36, 42).

It would appear, therefore, that a mere breaking of the fiber

which is, for any reason, not followed by retraction is unlikely

to evoke a reaction and, presumably, does not disorganize the

mechanism of which Keissner’s fiber forms part.

3. A comparison, however, of the records of the experiments

with the evidence afforded by the microscopical examination of

the preserved material in the case of the thirty individuals

composing the third group, suggests that there exists a distinct

connection between the reaction manifested and the retraction

of the fiber.

Thus in certain cases (e.g., 37, 52, 53, 64, 66) in which the

reaction had not been particularly pronounced or prolonged,

there was found to have occurred a comparatively slight retrac-

tion. On the other hand, in a number of experiments (10, 20,

22, 24, 35, 43, 54, 56, 57, 58, 59, 60, 67, 68) in which the reac-

tion had been particularly marked there was found to have
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occuitccI an extensive withdrawal of the fiber, forward, from the

region of the experimental lesion.

In a couple of instances (47, 04) this relation is less evident,

there having been a somewhat pronounced reaction although the

fiber had not been very greatly retracted. Both of these speci-

mens were the subjects of experiments of quite short duration

(1-j- hours and 10 minutes respectively) and it is probable that

the fiber would have continued to retract had the experiments

been allowed to proceed for a longer period.

Reissner’s fiber, in three specimens (5, 7, 24), all of which were

the subjects of experiments of prolonged duration, is found to

extend backwards nearly or quite to the region of the experi-

mental incision.

A secondary sinus terminalis is scon in the process of forma-

tion in the last of these and in this case Reissner’s fiber has

become of almost normal diameter but lies freely with a some-

what fibrillated ending in this new terminal enlargement- of the

central canal.

The sections through the tails of two other specimens were cut

transversely and the condition of the end of the fiber can not bo

certainly determined. In one (7) the fiber has a diameter but

slightly greater than the normal, While in the second (5) it is

quite distinctly swollen.

Another specimen (0) is apparently a normal case in which

there has been a considerable retraction. The terminal piece

sectioned shows that the fiber had withdrawn wholly from that

region. The penultimate piece, however, contains the free end

of the fiber lying slackly and of quite notable slenderness. I

suspect that this may be an early phase of regeneration in which

a delicate now growth of fiber is stretching backward, the usual

simple straightening out of the original thread having, for some

reason, been prevented.

4. Regeneration is seen in a well advanced condition in but

a single specimen (2), a dogfish, of which the condition of the

end of Reissner’s fiber is seen in figure 31. In front of the in-

cision, a secondary sinus terminalis has arisen, the pin mater

having grown around the end of the filum terminale where it
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was severed to form the delicate hinder wall to this new terminal

chamber. The fiber seems to have flared out into a terminal plug

in which several strands, one somewhat thicker than the normal

fiber, can be distinguished. This lies in contact with the menin-

geal wall of this secondary sinus terminalis and was either just

about to become attached to the meninges when the specimen

was killed or, more probably, had actually made its new terminal

attachment.

5. It will now be convenient to consider more fully the con-

dition of Reissner’s fiber in the subjects of eight experiments

(3, 9, 19, 39, 46, 49, 55 and 70) which I have refrained from in-

cluding in either of the four groups, although concerning most

of them I have but little doubt as to which category they realty

belong.

Thus in the case of no. 39 which was an experiment of quite

short duration, the sections show that, although broken by the

experimental incision, the fiber has not retracted forward from

the incision. Since the ray exhibited no reaction after the opera-

tion, it is clear that we have a specimen which should be placed

in the second of my four groups. During the dissection, however,

a slip of the knife inflicted a cut far forward in the spinal cord.

As the result of this post-mortem injury, a retraction of the fiber

took place from before backwards and a simple spiral twisting

has been produced which has affected the fiber back to the region

of the incision.

A similar accident occurred to no. 9 with a similar effect upon
the fiber. In this case, however, the experiment had been one

of considerable duration (11 days) and there had been manifested

a well marked reaction. It is extremely probable, therefore,

that in this specimen there had resulted the usual considerable

retraction of the fiber which had, however, become straightened

out before the specimen was killed. Reissner’s fiber is found in

the sections extending fully to the point where the filum ter-

minale had been severed and, in this resembling the condition

of the fiber in no. 39, it is found twisted into a nearly continu-

ous simple spiral (text-fig. 2). There can be little doubt that,

but for the accidental breaking of the fiber after the death of the
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animal, the experiment would have been found to belong to the
third of my four classes.

The case of no. 19 is of a different kind. In this specimen
no reaction appeared as the result of the operation yet, in the

sections, the severed end of the fiber in front of the lesion was
found to bo retracted for a short distance, swollen and, near its

free end, spirally coiled. The latter detail probably affords the

clue to what might, in view of the absence of any reaction, ap-

pear as a distinct anomaly. The experiment had continued for

0 days and, therefore, if there had taken place a retraction of the

fiber so extensive that the fiber had not straightened out in that

time, a well marked reaction should have been evident. Spiral

coiling, however, in every other instance known to mo, is asso-

ciated, as I shall show, with recent retraction. In this in-

stance, then, there can be little doubt, I think, that the specimen

was one which would in the ordinary way have been included in

the second group—i.c., among those in which tho fiber was sev-

ered but failed to retract—the severed end being gripped, prob-

ably, by the compression of the walls of tho filum terminale.

During the handling which is unavoidable whore a rapid dis-

section is desired, tho fiber may have boon released and then have

commenced to withdraw. A disturbance which freed the fiber

from tho grip of the walls of the filum terminale doubtless af-

forded, at the same time, ready ingress to the fixing fluid and

thus quickly checked the incipient retraction.

In the last experiment performed (70) there was again an ap-

parent discrepancy. This specimen on recovering from tho

anaesthetic, assumed a quite unusual position (fig. 10) which

appeared to bo an obvious reaction to tho experiment. Subse-

quent examination of the material under tho microscope re-

vealed, however, that the experimental incision had just failed

to cut the filum terminale. As it happens, the greater part of

tho filum terminale in the piece of tissue sectioned is contained

in one tlu'ck section in which, although the presence of Heiss-

nor’s fiber can be ascertained, it is not possible to make out its

condition. Owing to a slight distortion of the material, however,

tho sinus terminalis lies in an adjacent section which is modor-
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ately thin. From this terminal region the fiber is certainly

absent; the sinus terminalis itself shows signs of disturbance

and contains the remains of a clot which is certainly not the

result of the experimental incision, which did not destroy the

pia mater.

The specimen must have been one which had been brought in

recently, probably the previous day, for during my stay at Ply-

mouth I made use of all the moderately small specimens which

were available within a very short time of their capture. Since

in this specimen, the fiber is absent from the region of the sinus

terminalis and the latter chamber itself is somewhat disrupted

(for which injury my experiment was not responsible) it is

almost certain that the ray had been damaged in the trawl,

probably on the previous day.

That there was no reaction in evidence when the specimenwas
selected for the experiment is doubtless to be explained by (he

fact that the reaction frequently appears intermittent^. More-

over, the experiment was the last undertaken and was performed

in some haste so that the usual precaution of keeping the speci-

men under observation for some hours prior to the operation

was Dot taken in this instance.

The reaction seen in this experiment, therefore, is almost

certainly to be attributed to an accidental breaking of the fiber

at some time prior to the experiment and is in no way due to the

experimental incision which did not disturb the central nervous

system.

Two other specimens (3, 49) reveal the fiber broken as the

result of some accident, but in these cases the snapping of the

fiber must have taken place in the trunk (or head) region and
must have occurred only a very short time indeed before the

operation.

In the case of the former (no. 3, the subject of the first ex-

periment performed upon a ray) an overdose of chloroform was
administered and for some 3 hours following the operation there

was no sign of returning animation. At the end of that time it

was decided to discontinue the experiment and the central ner-

vous system was exposed and hardened. As it happened, this

experiment, while affording no information upon the function
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of the fiber, provided material which throws considerable light

upon the recoil of the fiber.

A general account lias been given above of the condition of

Reissner’s fiber in the hinder part of the spinal cord of this speci-

men. From that description it will be apparent that, since both
before and behind the incision the fiber extends actually to the

severed ends of tho filum terminale (text-fig. 4), there could

have been no retraction of the fiber as a sequel to the opera-

tion. Nevertheless, in the condition of the fiber, both in front

and behind the point where it was broken by the operation,

there is very distinct evidence of a recent retraction.

In the terminal (severed) portion of the terminal filament

(text-fig. 4 a) tho fiber is seen to be considerably swollen, the

swelling becoming more pronounced in the terminal sinus where
the fiber passes into a loose spiral; the terminal plug is not recog-

nizable, having coltapsed, presumably, when the recoil began.

Immediately in front of the incision (text-fig. 4 b) the fiber is

found in a wonderfully twisted state and continues markedly

coiled to the forward end of tho piece of tissue examined. The
torsion is not uniform, short simply-twisted stretches interven-

ing between greatly convoluted lengths of fiber. As already

pointed out, this short length of terminal filament contains very

many times its length of Reissner’s fiber. It is obvious, then,

that not only must this retraction have been due to a withdrawal

of the fiber from before backwards but, also, that it must have

been in progress prior to the operation, since otherwise it could

not have affected the severed piece of fiber in tho region behind

tho experimental lesion.

The incipient coiling of the fiber behind the incision is evidence

that retraction had been in progress but for a very shoit time

when the experimental incision separated this terminal portion

of tho fiber and, as it happened, checked further recoil behind

this point. In front of the lesion, however, a gradual retrac-

tion continued during the 13 hours while the specimen lay mo-

tionless, 1 Until a great length of Reissner’s fiber had accumu-

lated in tho hinder part of the spinal cord.

* Doubtless the retraction actually continued until finally stopped by tha

hardening action of the fixing fluid.
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That the fiber was broken just prior to the experiment, in

no. 49, also, appears extremely probable. In the trunk region

the central canal of the spinal cord is found empty of fiber,

while in the hinder part of the spinal cord and the Slum terminale

the fiber is seen much coiled and swollen throughout the entire

length, of two pieces of the tail region 'which were sectioned.

Here, too, as in no. 3, there was practically no retraction for-

ward from the lesion (fig. 22) so that the whole of the retraction

observed must have resulted from the backward withdrawal of

the fiber towards the tail. Behind the incision the fiber extends

to the severed end of the terminal filament but is loose and un-

dulating, shows some spiral winding and, near the terminal

sinus, is distinctly swollen. As in the previous case, therefore,

we have the evidence of a retraction which has started prior to

the operation and was the result of an accidental breakage of the

fiber far forward in the trunk region. In this case the speci-

men recovered from the anaesthetic and manifested a marked

reaction, not to be attributed to the experimental incision. The
•experiment, however, was of much shorter duration than was the

•case in no. 3 and the less intricately coiled condition of the fiber

in this specimen is clearly related to the shorter period during

which the fiber was free to withdraw. In nos. 9 and 39, in

winch the accidental cutting of the fiber took place after death,

the fiber was free to retract onty for the much shorter period

which was required for the penetration of the fixing fluids. In

both of these specimens the fiber has simply undergone a fairly

regular twisting but has not produced the more complicated

secondary spirals seen in no. 49 and, still bettet developed, in

no. 3.

In both of the two experiments which remain to be considered

(nos. 4G and 55) the fiber appears as an extraordinary delicate

filament hang somewhat slackly but not apparently withdrawn
from the injured place. In neither case was the experiment of

long duration and in both the reaction observed took on a some-
what unusual character, there being manifested a distinct de-

parture from the normal pose but no appreciable deviation of the

long axis from the regular straight line. While this reaction



TltE FUNCTION OF REISSNER’S FIBER 173

was not one which I should be inclined to describe as ‘marked’

it was, nevertheless, too considerable to be attributed to tho

scarcely appreciable retraction which has occurred at tho severed

end of tho fiber.

If, tlion, I am correct in regarding the occurrence of this ex-

ceptionally delicate fiber as indicative of an early stage in a new
backward growth of tho fibor after some unusually extensive re-

traction, the reaction noticed in these two experiments may
•perhaps have been tho consequence of a renewed disturbance of

the Rcissnor’s fiber mechanism in specimens in which the repair

of a previous disturbance had scarcely been completed.

Tho condition of Itcissncr’s fiber in the subjects of these eight

experiments may therefore be summed up ns follows.

One (19) is to be regarded as exhibiting a slight retraction

of the fiber started at the moment of fixation of the material and
quickly checked; two others (9, 39) showed a considerable re-

traction resulting from an accidental cutting of the fiber during

tho dissection made to expose tho central nervous system. The
remainder are regarded as showing stages in tho retraction (or

repair) of the fibor consequent upon a breaking of .the fiber prior

to the experiment. This snapping of the fiber may have oc-

curred immediately (3, 49) or some little time (70) or some con-

siderable tune (40, 55) before the incision was made. That such

a breakage of tho fiber docs occur not infrequently in life and

that it may produce a reaction comparable to tluit induced by

artificial section of tho fiber will be seen from the account given

in tho following section.

2. Non-cxpcrimental material

An attitude similar to that induced in many specimens by the

experimental incision, was occasionally noticed in specimens (not

tho subjects of the experiments) confined in the aquarium of the

Plymouth Biological Station.

Of these, one—a dogfish (F)—was obtained during the sum-

mer of 1910. It had been seen in tho aquarium at intervals

extending over several days with both head and tail well up.
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was pointed out that in the single example (8) in which the fiber,

although broken, had failed to retract there had been no

marked reaction.

These conclusions, based upon the examination of material

from a comparatively small number of experiments, are strongly

supported by the results of the much more numerous experiments

winch were subsequently performed. The examination of the

condition of Reissner’s fiber in several specimens which were

not the subjects of experiment has provided further evidence in

corroboration of the correctness of those conclusions.

The results of this investigation may be said, therefore, to

afford very definite confirmation of Dendy’s suggestion (put

forward in 1909) that the fiber forms part of a mechanism

which is concerned in the automatic regulation of the flexure

of the body. This hypothesis is quite in harmonjq moreover,

with certain observations recorded bjr Sargent (’04), although

that author interpreted the facts in an altogether different sense

(vide infra).

I have been unable, however, to determine whether the re-

action (the assumption of an unnatural attitude at rest and an
abnormal action whilst in motion) is to be regarded as the con-

sequence of the diminution of tension at the sub-commissural

organ due to the slackening of the fiber or whether it is to be

attributed to the putting out of action of a larger or smaller

number of the scattered sensory cells situated in the epithelium

of the central canal.

It has been pointed out that, although there has been found,

in some cases, a quite considerable retraction of the fiber in the

hinder part of the spinal cord, accompanied by much swelling

and spiral winding, yet in the anterior region of the spinal cord

and in the brain itself the fiber may appear to be practically

normal. In such a caserit seems improbable that any appreci-

able diminution in the tension of the fiber could have been felt

in the region of the sub-commissural organ. Further, in those

examples in winch the slackness of the fiber has extended far

forward, even though it be not accompanied by swelling, it is

inconceivable that it could have taken place without rupturing a
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groat number of those delicate component fibrillao (as I beliove

them to bo) which serve to support and stay the fiber along the

length of the spinal cord.

In the subject of two of tho experiments (3, 49) the fiber had
broken very far forward

;
of these, one failed to recover conscious-

ness and gave no reaction, but it is extremely significant that in

the other (49) tho reaction took on a somewhat peculiar form.

It is suggested, therefore, that in this case (where the breaking

of the fiber must certainly have reacted upon tho subcommis-

sural organ), the moro pronounced reaction was the sequel of

an unusually extensive disorganization of tho apparatus.

In this connection, it is interesting to recall what has boon

recorded by Sargent concerning his experiments. That author

laid much stress upon the fact that the subjects of his experi-

ments would blunder, headlong, into obstacles (stationary or

other). Tliis behavior, as I have already pointed out (’12, p.

420), is to be noted in the lesser dogfish both in normal (con-

trol) specimens as well as in the subjects of the experiments

when removed from tho comparatively spacious tanks of the

aquarium to tho smaller tanks in which, alone, one can be cer-

tain of keoping them under close observation. Moreover, this

blundering gait disappeared, after n few days confinement hi tho

moro limited space, in the subjects of tho experiments as well

as in tho control specimens.

In tho larger sharks of which Sargent made use, and which

were apparently freshly caught specimens, one cannot wonder

at sucli a result. Moreover, Sargent had no opportunity to ob-

sorvo the passing of tliis phase, for his specimens after a day or so

became quite lethargic and died upon tho fourth or fifth day of

the experiment. Nor does the failure of the fish to avoid col-

lision with the walls of its cage bear out Sargent’s contention

that tlioro was in these specimens, n delay in tlio transmission

of tho optical stimulus, for such an object, always present,

would be visible for a sufficiently long period to allow any opti-

cal stimulus to pass by the ordinary conduction paths. Even

where an obstacle might ho interposed with extreme sudden-

ness it would have been scarcely possible to observe any delay
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2. The spiral winding of the fiber and the occurrence of ‘snarls’

Examples of the peculiar spiral contraction of the fiber have

been seen in a number of the experiments. Thus numbers 3, 4,

9, 19, 34, 35, 37, 41, 49 and 56 all show the fiber twisted to a

greater or less extent. That the list is not more lengthy is to

be explained b3r the fact that in a number of cases I have not

cut sections of the spinal cord sufficiently far forward to find the

retracted end.

There is distinct evidence that, in the case of no. 3, this re-

traction (though not the result of the experimental incision)

must have taken place, for the most part, during the three hours

or so which elapsed between the operation and the fixation of the

material. The similar but less extensive coiling which occurred

in no. 49 (again not the result of the experimental incision)

must, likewise, have been produced almost wholly after the fiber

was severed by the operation, for the severed portion of the fiber

behind the incision is but little affected. This specimen was

allowed to live but an hour and a half after the beginning of the

experiment and there is doubtless a connection between the less

intricately coiled condition of the fiber in this specimen and the

shorter period which elapsed between the breaking of the fiber

and fixation.

The case of no. 9 differs from that of the two preceding speci-

mens in that the cut which started the backward recoil was
made after the death of the specimen just as the material was
about to be plunged into the fixing fluid. The simple and con-

tinuous spiral winding which is found in this specimen can have
been produced, therefore, only during the time winch -was neces-

sary for the fixing fluid to thoroughly penetrate and harden the

material.

In the case of experiments 34 and 56 (both of which were of

short duration) the fiber has retracted (spirally) away from the

lesion and the recoil, therefore, was definitely a consequence of

the experimental incision. The character of the spiral winding
in the fiber in the case of four other experiments (4, 35, 37, 41)

is somewhat different. It is found at the free end but does not
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extend for a great distance along the fiber and lias a much looser

twist which suggests the uncoiling of a spirally twisted thread.

All four of these experiments had a relatively considerable dura-

tion, the subject being killed towards the end of the first day or

during the second.

Apart from experiment 9 which was vitiated subsequently (by

an accidental cut during dissection), tho only case in which even

a slight spiral twisting was observed in an experiment of long

duration is no. 19. The subject, was a ray, which, during the

whole time (nearly 7 days) which elapsed between tho breaking

of the fiber and tho killing of tiie specimen, gave absolutely no

reaction. I have already suggested that it is probable wo are

dealing, in this case, with a slipping and coiling of the fiber which

was started during tiro dissection by a reopening of tho wound
made by tho operation but was quickly checked by the rapid

penetration of tho fixing fluid.

With but this single possible exception, therefore, every case

of spiral winding of the fiber has been found in' tho early stages

of the experiment or inunodiately following an accidental cut;

by tiie second day this torsion has usually disappeared and,

where it is found at so late a period, is almost certainly in

process of uncoiling.

In confirmation of Hie view that the spiral coiling is found as

the result of a comparatively recent snapping of tho fiber, it

may be noted that, while it has been found frequently in material

in which tho spinal cord has been severed during or immediately

prior to fixation, it is more rarely found in specimens of which

the nervous system had been preserved entire.

In many larval lampreys mid in adult myxinoids, all of which

were preserved entire, I found, it is true, an intricately coiled

mass of fiiior which, in some cases, almost fills tiie sinus tormi-

nalis* (’12 a, figs. 15, 17, IS). In none of these specimens had

there been any attempt to expose the central nervous system

* Tlmt this terminal coiled muss, though so frequently found, i* not, a% Stnd-

nicka ('99) supposed, the normal condition proved l»y the fact that Sanders

has seen ft taut condition of t he Tiber in the sinus terminalis CD I, p. II) com-

parable to that which I have described in the lamprey and other forms (’12,

'12 a).

Tjtr jik nvu. or ctrarotvmi. ntckoiout.
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and fixation, therefore, had necessarily been slow. I have sug-

gested (’12 a, p. 27) that unusually strenuous exertions made by

the animals in their unavailing efforts to avoid capture may be

the cause of the somewhat frequent instances of broken fiber

noted in these cyclostomes. 5 Careless handling of the specimens

might be equally responsible for the snapping of the fiber. It

is possible, therefore, that the apparent absence of the fiber

from the spinal cord of specimens which have been some time

dead before fixation may not be due (as I have supposed) simply

to the degeneration of the fiber having already occurred, but

may be owing rather to its having been broken and retracted

entirely beyond the limits of the piece or pieces of tissue

examined.

In two rays which, although not the subjects of experiments,

manifested a well marked reaction a spirally coiled condition was

discovered in the broken fiber. One (Raia XIX) is known cer-

tainly to have been taken some 24 hours before the material was

preserved and it is probable that a similar interval had elapsed

between the capture and preservation of the material in the

case of the second (XXXIX) also. The former bore signs of

recent damage in the tail region evidently caused by the trawl

but the other appeared externally to be undamaged. If, there-

fore, the fiber had been broken at the time of capture, in conse-

quence of the violence of the animal’s struggles to escape, the

fiber might be expected to have become straightened out or to

be in the process of unwinding. In one (XXXIX) the free end
of the fiber is loosely curled (fig. 20) and in the other (XIX) a

tangle remains as evidence of a sharp recoil, but the spiral wind-

ing is found only in the vicinity of the tangle (fig. 25) and has,

elsewhere, disappeared.

That the fiber was liable, in its recoil, to form intricately

tangled knots or ‘snarls’ was first noticed by Sargent (’04, fig.

S). His figure does not suggest the spiral winding which I be-

lieve to be associated with the recent contraction of the fiber

and which is seen in the photomicrograph which I published,

in 1912 (’12, fig. 3).

1 The breaking of the fiber, prior to the experiment, in nos. 3 and 49 is prob-

ably to be attributed to this cause.
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At tlio commoncement of this investigation I inclined to tho

idea that such a knot would be invariably produced when the

broken fiber retracted, and supposed that tho spiral winding,

extending more or less uniformly along a groat length, would be

found only hi those cases where a gradual process of fixation

prevented tho more sudden recoil. The results obtained from

a largo number of experiments indicate, however, that this sud-

den contraction may be of much less general occurrence than was
supposed and that the withdrawal of tho fiber is brought about

usually, by the simple spiral twisting of the fiber.

The tightly knotted tangle of fiber present in Raia XIX, just

above mentioned, is the only example of this condition which I

have encountered in the course of this investigation. There is

reason to believe tliat in this ease tho fiber may have broken

some 24 hours before tho material was preserved. In another

specimen (10) in which tho fiber wns broken by tho experi-

mental incision made some 10 days before tho fixation of tho

material, there is found a loosely twisted skein of fiber, a small

part of which is represented in figuro 20, That this condition

had been preceded by the tightly knotted condition is very prob-

able, this knot having doubtless served to hold tho broken end

and thus prevont more extensive retraction, for the tangle is

found at no great distance (about half an inch) from tho point

of injury. It must be supposed, therefore, that during tho 10

days of tho experiment the spiral torsion had disappeared and

tho process of disentangling tho snarl had been proceeding.

Tho fiber, except at its immediate liindor end, had become

nearly normal in size, but whether the tangle would liavo been

smoothed out eventually, if tho experiment had been prolonged,

or whether a new delicate growth from the hinder free end would

have followed, I have no evidence to decide.

ft. The duration of the reaction and the problem of regeneration

It is not quite obvious why the reaction appears to bo so

vnrinblo in its duration. If the assumption of an abnormal atti-

tude in repose is, as I beliovc, a consequence of tho disorganiza-

tion of tho mechanism of which Roissnor’s fiber forms part, we
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should expect that the reaction would continue until the fiber had

reestablished its attachment to the walls of the sinus terminalis

and had once more attained to its normal tension.

The reaction did persist, indeed, in some specimens until the

attaclunent was practically made good (2) or until the termi-

nation of the experiment (9). Occasionally the reaction was

manifested intermittently for several days (5, 6) while in one

case (24) it reappeared after several days of apparent normality.

On the other hand, a reaction was sometimes marked during the

early horns of an experiment but was not noticed subsequently

(7) although the sections showed that the fiber had been broken

but gave no indication that the new terminal attachment was

completed.

While, then, it is quite possible that in some specimens (in

which the reaction had seemingly disappeared and which were

killed very soon after the operation) the reaction might have

reappeared at intervals had the experiment been prolonged, it

is probable that in many the reaction would have apparently

completely vanished (as in 7).

Isevertheless, it seems unlikely that the effect produced by
the breaking and retraction of the fiber can really altogether

disappear until the tension of the fiber has been restored.

The more obvious irregularities of the pose are possibly soon

corrected, to a large extent, by the aid of the other senses, no-

tably that of touch, and these corrections would be likely to

become more exact as time passed, thus accounting, in some
measure, for the gradual diminution in the magnitude of the

reaction. It is, however, extremely probable that there may
have been other reactions which persisted long after the speci-

mens seemed to me to be normal. Especially may this have
been the case with minute irregularities in action, in swimming,
for whilst in motion the correcting influence of the sense of

touch, at least, would almost certainly be eliminated. The
motion of the animal is particularly difficult to observe closely

and defied my attempts at analysis so that, although at times
I felt convinced that the action was not exactly that which is
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usual, yet it was extremely difficult to decide wherein the

difference lay.

There is yot. another possible explanation. It has been seen

that, where retraction did not follow the breakage of the fiber,

there was no obvious reaction. It. has been assumed that this

was duo to the maintenance of the tension of the fiber by the

firm grip of the adpressed walls of the filum terminate upon the

severed end of the fiber. Not only, howovcr, might the tension

be maintained but the connections with the numerous sensory

cells in the centra! canal, whose filamentous processes con-

tribute to the substance of the fiber, are preserved intact. The
absenco of the reaction may be partly or wholly attributable

to this latter fact for, although the terminal plug at tlio hinder

end of the fiber is clearly to be regarded as the principal insertion

of the fiber, yet there can bo littlo doubt that tho attachments

of the fiber by the component fibrillae throughout tho length

of tho spinal cord must afford a very considerable support.

Such evidence as those experiments have afforded suggests

that the greater tho extent of the retraction forward the

greater is the degree of the reaction. It may well be, then, that

as soon as tho forward retraction is checked and the repairing

process has brought about the unwinding and straightening

out of the fiber, the component fibrillae may forthwith begin

to renew their attaclimont to tho fiber. In this way while

they may assist in restoring tho tense condition of tho wliolo

fiber a constantly' increasing number of sensory cells may be

coming into action again, tho diminution of the visible reaction

being attributable to the restoration of these connections.

Sargent has stated (’04, p. 230) that “sharks have shorn)

almost no capacity to lioal wounds or regenerate skin.” During

tho progress of this investigation several rays were taken in

which there was evidence of tho loss of part of tho tail but the

stump had healed perfectly. While it may bo that, as regards

this power of regeneration, rays differ from sharks and dogfish,

it must bo remembered that my rays wore, in general, quite

small specimens and it is exceedingly likely Hint the injury had

been inflicted when tho specimens were very small, indeed.
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In young animals the recuperative powers are frequency much

greater than in aged specimens and it may prove that the

restoration of the norma) (functional) condition of Reissner’s

fiber after injury may be effected much more quickly in some

specimens than in others.

In tliis connection the condition of Reissner’s fiber in the

dogfish (F) is of interest. Tliis specimen, it will be remembered,

was one wliicli was seen in the large aquarium tank exhibiting,

very markedly, the reaction which is associated with the broken

and retracted fiber. The fish had certainty been in confine-

ment for some time and there was reason for connecting the

injury to the hinder border of the caudal fin with damage in-

flicted by the trawl. The injurs' was, therefore, probably of

long standing and the reaction had almost certainly persisted

for a considerable time. In the sections the fiber was found to

be somewhat slack, lying near its free end in loose undulations

and there were no indications that regenerative processes were

at work. The specimen was unusually large and presumably

an old individual. There seems, therefore, to be in tliis case

a connection between the size (age) of the specimen, the lack of

regenerative powers and the continuance of the reaction.

As already noted, I have but one example of undoubted re-

pair of the mechanism (fig. 31) after the experiment. This is

seen in a dogfish (2) which was killed sixteen days after the

operation.

In several cases, however, the fiber had clearly undergone a

considerable retraction but had straightened out again before

the specimens were killed. In the sections, therefore, it is seen

to extend almost or quite to the spot where it had been broken
by the experimental incision. Examples of this phase of repair

are to be seen in nos. 5, 7, 8 and 24. The disentanglement
of the snarl (10) and the unwinding of the spirally twisted

fiber (37, 41) must be regarded as preliminaiy stages in the proc-

ess of repair. In no. 18, where there had been no retraction,

it would seem as though the end of the fiber was flaring out in

preparation for a new terminal plug (fig. 28)

.
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Whether the delicate liber found extending backward slackly

in some specimens (46, 55) almost to the region of the incision,

is to bo regarded as yet another early stage in regeneration is less

certain. Possibly it is a backward growth from the free end of

the fiber in a snarl which has altogether failed to becomo dis-

entangled. On the other lmnd the fineness of the fiber may be

nothing but an individual peculiarity.

It is noteworthy that, where this abnormally fine fiber was
found, it had retracted but little when cut and the consequent

reaction had proved to be but slight.

In view of the fact that a case of complete repair had been

obtained in but a single experiment (2), it has not. been possible

to determine the poriod within which regeneration might nor-

mally be expected to take place. If the incision has completely

divided tho filum tcrminnlo (in practice an inevitable conso-

quenco of any attempt to cut tho fiber) oven though this be very

far posteriorly, it is almost certain that regeneration cannot be

effected until a now (secondary) sinus tcrminalis hns been formed.

It is unlikely that this comes into existence earlier than tho end

of the second week, although the exact time would dopend upon

tho regenerative powers of tho tissue of tho individual and would

be likely to tako place more quickly in young and rapidly, grow-

ing specimens. Tho new attachment of the fiber may, however,

be even then delayed if tho retraction has been very consider-

able, has resulted in a tangled knot, or if the fiber has broken

very far forward.

In several of my experiments tho fiber had returned nearly

to its normal dihmoter and had pushed backwards to the region

of tho incision within a week of the operation, while tho spiral

twist appears to bo straightened out during tho second day under

ordinary circumstances. A complicated tangle evidently re-

quires a considerable period in which to becomo resolved and

hi such a knot it is probable that the spiral twisting may per-

sist rather longer. In my experiments, however, only a short

length of the fiber was actually separated and consequently no

great length of new growth, if any, was required to enable tho

fiber to extend to the newly formed sinus tcrminalis. Where,



PLATE 1

EXPLANATION OF FIGURES

1 Scyllium canieula. A photograph of a normal specimen upon which no

experiment had been performed. The lower border of the caudal fin is seen

lightly resting upon the floor of the tank.

2 A photograph of the subject of experiment 22, taken nearly five hours after

the operation, showing a moderate reaction. *, indicates the region of the

incision.

3 A photograph of the same dogfish, taken half an hour later, the tail being

rather more lifted.

4 A photograph of the subject of experiment 34, taken about two hours

after the operation, showing a well marked reaction.

5 A photograph of the subject of experiment 24, taken upon the third day
of the experiment, and showing a well marked reaction of the tail.

6 A photograph of the subject of experiment 23, the specimen being seen re-

posing in the attitude adopted by normal dogfish. The photograph was taken

upon the fourth day of the experiment, no reaction having appeared.





PLATE 2

EXPLANATION’ OF FIGURES

7 Photograph of a normal ray (not the subject of an experiment), showing

in side view, the attitude of repose which is normal in these animals.

s A photograph of the subject of experiment 31, Showing a reaction alTcct-

imr the tail only. indicates the region of the incision.

(I A photograph of the subject of experiment CS, taken about two hours after

th(> operation. (Cf. figure 13, a photograph of the same specimen taken half

an hour earlier.)

10 A photograph of a normal ray (not the.subject of an experiment), show-

ing the natural position of the snout in the ray when at rest.

11 A photograph, taken several hours after the operation, of the subject of

experiment 30. This, ray was one which, while it occasionally showed the typical

reaction, rested for the most part in the attitude shown.

12 A photograph, taken a quarter of an hour after the operation, of the sub-

ject of experiment 70. The head is seen well raised but the tail appears unaf-

fected.

13 A photograph of the subject of experiment CS, taken an hour and a half

after the operation. The tail is seen, somewhat indistinctly, well raised and
turned to the left.

1-1 A photograph of the subject of experiment 30, taken half an hour after

the operation, showing an extreme reaction, the body being raised completely

from the floor and supported only upon the lateral border of the pectoral fins.

lo A photograph of a ray (XXXIII), not the subject of an experiment, but

in the attitude which results from the breaking and retraction of Reissncr’s

fiber. Tins photograph was taken after the ray had been kept for four days
under observation.
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PLATE 3

EXPLANATION OF FIGURES

If, Itaia blanda 4>. Part of a sagittal section through the filuin terminate

showing the free end of Rcissner's fiber in front of the lesion (the posterior end

to the left, in the figure!. X -JO.

17 Part of a transverse section through the spinal cord of the cat, showing

a much swollen Rcissner's filter, nearly 10 a in diameter, embedded in a mass

of concilium which almost blocks the central canal. In the center of the filter

can be seen the cut end of what appears as an axial thread or core. X 240.

IS Raia blanda (40). Part of a sagittal section through a piece of the spinal

cord from the anterior part of the trunk, from which region Rcissner’s fiber had

wholly retracted (cnudally). The middle of the canal is occupied by a filmy

structure (id which is probably coagulum. X 240.

10 Raia clavata fXIX. not experimental). Part of a sagittal section through

the end of the tail showing the broken end of Rcissner’s fiber in the (secondary)

sinus tcrmin.alis. The terminal neural pore is almost choked by a mass of ddbris

and coagulum. X 240.

20 Raia clavata (XXXIX, not experimental). The broken end of Rciss-

ner's fiber is seen loosely coiled near the end of the central canal, the anterior

piece of fiber depicted having been added from an adjacent section. The (pri-

mary' sinus tormmalis is fairly typical and extends downwards, in normal
fashion, behind the end of the notochord. X 240.

21 Raia blanda (11). A length of Rcissner’s fiber from the fourth ven-

tiicle, to show the brittle condition of the preserved fiber, which has splintered

upon the microtome knife. X 240.

22 Raia blanda (40). Part of a sagittal section through the filum terminate,

immediately in front of the lesion. Rcissner's fiber is seen entangled in a clot

from which, there has been no apparent retraction forward. Nevertheless, the

whole length of fiber in the piece examined is spirally coiled, this being the re-

sult of a backward recoil from some point in the spinal cord. X 45.

23 Raia clavata (37). Part of a sagittal section through the filum ter-

minate. in front of the lesion. Rcissner’s fiber is seen swollen and irregularly

coiled. X 240.

AUBItKVIATIONS

c.c.. central canal of the spinal cord

(arid terminal filament)

eg., coagulum, practically filling the

central canal (fig. 17)

cl., blood clot, in the central canal

c., epithelium lining the central canal

filum terminale

itch., notochord

It.f., Rcissner’s fiber

s. l., sinus terminalis

t. n.p., terminal neural pore

r.c., vertebral column
**, indicate the region of the incision
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PLATE 4

i:\ri.A.VATio.\' or figures

•_>! Ram clavata f.j). A transverse section (slightly obliquely cut) through

the filuin tenninale. at a point a little in front of the sinus terininalis. Several

fibrillar* are seen which have apparently broken free from the displaced and

slaek Roissner’s fiber. X 320.

20 Raia clavata (XIX, not experimental). Part of a sagittal section through

the filutn terniinale. Posteriorly the fiber is seen swollen but fairly regular.

It | lasses into a tightly tangled knot, from the anterior end of which it emerges,

loosclv coiled. (Posterior end to the left, in the figure.) X 240.

20 Raia blanda (10). Part of a sagittal section of the hinder end of the

spinal cord, some half inch in front of the lesion. The posterior end of an ex-

tensive but loosely tangled skein of Reissner’s fiber (of nearly normal diameter)

is seen in the central canal which is cut obliquely. (Posterior end to the left

in the figure.) X 320.

27 Raia clavata (04). Part of a sagittal section through the Slum ter-

niinale in front of the lesion. Reissner’s fiber is very fine and, to the left (ante-

rior) of the figure is seen in apparent contact with the wall of the central canal.

Rehind this point it lies slackly, well away from the wall of the canal. X 320.

28 Raia clavata (IS). Part of a sagittal section through the filuin ter-

minale. immediately in front of the lesion. Retraction of the fiber was pre-

vented by the formation of an extensive clot (lying more anteriorly and not

shown in the figure). The severed end of the fiber is seen fibrillntcd and flaring

as though to produce a new terminal plug. X 240.

29. .Salamandra maculosa. Part of a transverse section through the spinal

cord. Reissner’s fiber apparently receiving three or four constituent fibrillae.

Xear the dorsal line there projects a conical process which is probably the apex

of a sensory cell. X 340.

30 .Scyllium canicula (44). Part of a sagittal section through the filuin

terniinale showing the unretracted fiber, with what are apparently constituent

fibrillae in situ. X 310.

31 Scyllium canicula (2). Part of a sagittal section through the filuin ter-

niinale at the point where this was severed by the experimental incision. The
cut end has become rounded ofT and the meninges have grown around it to com-
pletely enclose the secondary sinus terminnlis. The end of Reissner’s fiber is

seen flaring somewhat and has, apparently, made good its new attachment.

X 340.

AHIlIIEVIATIONS

c.c., central canal of the spinal cord

(and terminal filament)

tl.b.r.. dorsal blood vessel

r., epithelium lining the central canal

/(>., fibrillae of Reissncr's fiber in the

central canal

1 .1 , filum terniinale

win., meninges, forming the hinder

wall of the sinus terininalis

if./., Reissner’s fiber

sensory process (?)

s secondary sinus terininalis

**, indicate the region of the incision
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• 1. INTRODUCTION

The various members of the mammalian series show con-

siderable variation in the relative development of all parts of

the central nervous system, but probably no part of the encepha-

lon shows so great a degree of variability as does the rhinencepha-

lon. Of this portion of the brain, the olfactory bulbs are, with-

out doubt, the most variable in size. Thus we have the very

large bulbs of the opossum and the ant-eater; the almost rudi-

mentary bulbs of the ape and of man; extreme reduction of

these organs in the Cetacea, with their complete disappearance

in the dolphin. Not only do we find variation in size of the

olfactory bulbs among the different orders of mammals, but
we find that there is a considerable degree of variability within

each order and even among the members of the same species.

This variation in size and weight of the olfactory bulbs within

a species is well illustrated by observations upon the rats in the

colony of The Wistar Institute. The domesticated albino rats

exhibit a considerable range in the development of this part

of the brain. But while we find an appreciable difference in

the bulb size of rats of different litters even under like environ-

mental conditions, the individuals of a given litter usually show
a more uniform development of the olfactory system. Some
wild Norway rats examined at The Wistar Institute a few years

ago had olfactory bulbs heavier in proportion to total brain

weight than the bulbs of the albino. In the course of the present

study, observations made upon some thirty wild Norway rats

caught at different places in Philadelphia suggested that this

difference between the two strains is not a constant one, for,
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while the olfactory bulbs of those animals were much heavier

than those of the albinos, the ratio between bulb weight and
brain weight in this series was about the same in the twro forms.

Inequality in the size of the two bulbs in the same individual

appears not infrequently in the albino and when it occurs it

will often be found in several, and occasionally in all, members
of the same litter. For this reason, in selecting material for

these experiments, we discarded all litters in which cases of

asymmetry wore observed among the initial controls.

Observations made from time to time by Dr. Donaldson,

indicated that rats bom in the early summer differ from winter-

born rats in the relative size of the olfactory bulbs; also that

there might be a difference between rats reared on a restricted

diet, such as is frequently used in colonies, and those fed on the

table-scrap diot adopted for the Wistar colony’. Moreover,

cases had appeared in which the bulbs of sick rats were appar-

ently smaller than those of healthy’ individuals.

Ml these facts suggested that there might be factors in the

living conditions of the rats which would account for the varia-

bility of this portion of the nervous system, the growth of the

bulbs being retarded or arrested in rats reared under unfavor-

able conditions, such as the intense heat of the summer, or a
monotonous diet, or in those suffering from the various infections

which may attack the rats from time to time.

It was, therefore, with tho hope of throwing some light upon

the question of the effect of environmental conditions upon tho

olfactory bulb of the growing albino rat, that, at the suggestion

of Dr. Donaldson, the present experiments wero undertaken.

The problem resolved itself into two questions—Can tho growth

of the olfactory bulbs of tho stock albino be modified (1) by’

underfeeding or (2) by exercise?

Tho writer wishes here to express her deep gratitude to Dr.

Donaldson for his unfailing helpfulness and encouragement,

and her appreciation to Dr. Slotscnburg and Dr. Heuscr, and

to tho other members of The Wistar Institute who did much to

aid in the course of tho experiments which have extended over

the past two years.
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ner. The brain wa^ placed, ventral side down, on the dissect-

ion; hoard. Then with a thm, sharp scalpel held in a position

perpendicular to the plane of the board and at right angles to

the plane of the median longitudinal fissure, the bulb was severed

just below the anterior limit of the cerebrum .

2 The bulb, with

the remainder of the brain was then placed in a covered weighing

bottle and the weight of both the entire brain and of the severed

bulb ascertained.

The final controls were weighed and placed under the normal

living conditions of the colony: i.e., housed, in long wooden

cages with -wire fronts, thick shaving-covered floors, and paper

nests, and given plenty of fresh water with a carefully super-

vised scrap diet. The test rats were weighed and placed in

adjoining cages under exactly the same conditions as the final

controls, save for the diet. The food given the test rats con-

sisted of an unlimited amount of whole corn, usually fed on the

cob, save in case of very young animals, or those, weak from a

long period of underfeeding. In such cases, the corn was shelled

as the animals were not able to remove a sufficient amount for

themselves.

Both control and test animals were weighed from time to

time and the weights recorded. Note was also made of any
irregularities, such as a temporary change in diet, etc.

At maturity, a certain number of test and of control animals

were mated in order to find out whether underfeeding affected

the fertility of albino rats.

In the case of relatively small litters in which the members
were usually well grown and in good physical condition when
weaned—and especially if weaning was delayed until the rats

were four weeks old—it was possible to keep the test animal on
a com diet for a month or more with practically no difficulty.

: Small bulbs tend to differ characteristically in shape from large ones. On
section it is seen that the cap of gray substance extends somewhat further
caudad on the ventral surface of the small bulb than it does in the case of the
large bulb. The weight of gray substance thus lost in the case of the small bulb
is ft very small fraction of the total weight of the bulb but a much larger fraction

of the gray cap. Care must, therefore, be taken to include this portion when
the number of cells of the gray substance is to be determined.
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With the rats weaned at three weeks or in case of small rats

from very large litters, there was a good deal of trouble in keep-

ing the animals on the com diet for so long a time, and of course

the difficulty increased as the period of underfeeding was
prolonged.

At first an attempt was made to keep animals from several

litters in one cage with the result that after a short time, the

less well grown rats were killed and eaten by the stronger indi-

viduals. Then the plan was adopted of having members of

only one litter in a enge. This worked successfully up to the

time when the animals began to weaken. Then the males

frequently killed and ate the females. So finally, for prolonged

experiments, it was found safer to place only animals of the same

sex, approximate weight and physical condition together, but

even this precaution was not always sufficient.

In most cases, for the first few weeks, there was a very slow

gain in weight or the weight was just maintained. But in every

case when an animal began to lose or became very feeble, a

dose of condensed milk was fed. One or two doses were usunlly

sufficient to restore the animal to equilibrium and there was not

infrequently a sudden temporary gain in weight, doubtless due

to increased appetite and the consequent gorging of the ali-

mentary tract with corn.

In a few cases where the underfeeding had gone on for several

months, it became necessary to administer small doses of con-

densed milk more frequently—in two cases, practically every

day—in order to keep the animals from losing weight.

At the end of the experiment, both test and final control ani-

mals were killed, weighed, measured, eviscerated, and brains

and bulbs weighed as in the case of the initial controls. One
bulb with a part of the cerebrum was preserved for histological

study. A record was kept of nr-y, signs of disease or other

abnormality. The weighing was done in closed bottles and all

weights of brain and of olfactory bulbs were made to 0.1 mgm.,

but recorded here in milligrams only.

b. Results. General morphological and physiological modi-

fications. A summary of the data from observations upon 30S
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individuals of Series A is given in tables 1 to 8. The complete

tables with the records for each individual rat of this, as well as

of the other series, are deposited at The Wistar Institute. Of the

two litters weaned at eighteen and twenty days, only three

individuals survived to be killed; the others died in the cages

and the brains were not weighed. The records for the three

rats just named have been included in tables 3 and 7, and their

controls, with the corresponding controls. The size and body

weight of rats weaned at the end of the third week and placed

on a com diet indicated clearty that under like conditions, rats

weaned at three weeks are considerably more sensitive to adverse

conditions than are those weaned at four weeks.

For even’ individual of Series Aj and A» (tables 1 to 8), the

stunting effect of the corn diet was apparent almost from the

first. During the early weeks of underfeeding the test rats

appeared rather more lively than the controls. Later this

activity decreased, the gait became unsteady, and the animals

appeared stupid. They were often unable to find the dish of

condensed milk by themselves, whereas control rats would
go to it immediately. This suggests that the underfed animals

lacked an acute sense of smell and perhaps did not see clearly.

In every- one of the test animals of which there are complete

records, the general bodily growth was arrested by a diet of

com. Tliis agrees with the observations of Osborne and Men-
del (T3). These rats remained like young animals in appearance
as well as in size. The earlier weaning took place and the corn

diet was begun, the more complete the stunting.

The skeleton became modified and somewhat distorted owing
to imperfect calcification. The growth of the long bones was
not quite so completely arrested as that of the rest of the skele-

ton. The skull, sternum, and sometimes the ribs, became like

parclrment. In two cases the pressure of the heart upon the

sternum had formed a sort of pocket out of that structure, which
appealed like a tumor on the ventral side of the rat. The
vertebral column became somewhat bowed, giving to the rat a
‘humped' appearance and making it necessary to stretch the

animals when measuring body length. One to four months of
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underfeeding, following the first month under norrnnl con-

ditions, left the ruts but slightly longer (4 to 10 mm.) than the

initial controls measured at thirty days. The average increase

in weight was in about the same proportion. Compare tables

2 to 8, for body weight and body length.

All the rats showed extreme emaciation but this condition was
largely masked by the condition of the coats. The hair re-

mained short and soft, with a fluffiness which gave even to mature
rats the appearance of plump young animals. Such emaciation

was, of course, accompanied by great muscular weakness.

Rats kept for long periods on the defective diet became unable

to remove com from the cobs. They walked with a tottering

gait and moved about but little.

The cyanosed condition of these animals was clearly indicated

by the blue color of all exposed parts of the body—nose, ears,

feet and tail. In protracted cases of underfeeding, a chronic

palpitation of the heart developed which increased in violence

as time went on. As a result of this, the whole body shook

constantly.

All animals kept on com up to maturity failed to breed or to

show any sexual instinct whatever.

Effect on brain and olfactory bulbs (compare tables 1 to 8).

In Series A, both Ai and A. show a slight increase in brain weight

during the period of underfeeding. Under normal conditions,

as the rat grows, the brain becqmcs relatively lighter in pro-

portion to body weight. In the underfed rats the brain forms

practically the same proportion of the total body weight as in

the initial control rats (agreeing with Jackson’s results (To;),

which of course indicates in the cases where growth has taken

place that the brain has not been as much arrested in its develop-

ment as has the rest of the body.

After four to eight weeks of underfeeding, the rats of Series

Ai and A, had olfactory bulbs which, taken together, formed

about the same proportion of the total brain weights as did the

bulbs of the initial controls of the same series, showing that the

relation of those parts of the brains had not been changed during

the experiment. But normally the olfactory bulbs grow faster
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TABLE 10. SERIES B

Test animals

Stock albinos underfed from birth. Under two months old

RATS age BODY
WEIGHT

BODY
LENGTH

BRAIN
jWEIGHT

OLFAC-
TORY
BULT1S
WEIGHT

BULBS

,

PER
CENT OF
BRAIN

|

WEIGHT

RANGE

days

24-3S

24-531

pm.

20.1

15.

G

mm.

SG

79

pm.

1.114

1.0G2

3.19

3. OS

3.06-3.3S

2.11-3.S2

Averages for males and
IS. 1 S3 1.091 0.034 3.14

TABLE 11. SERIES B 1.

Test animals

Stock albinos underfed from birth. Over two months old

RATS AGE
BODY
WEIGHT

BODY
LENOTH

BRAIN
WEIGHTj

OLFAC-
TORT
BULBS
WEIGHT

BULBS
i

PER
CENT OF
BRAIN
WEIGHT

RANGE

3 females

days

77

Cm.

31.2

cm.

0.050 3.4S 3.15-3.93

days old when they were killed and examined. The other

eight sick rats of this Series C were individuals showing a con-

siderable infection of the lungs, and one of these (No. 20) had,

in addition, a large abscess of the liver.

All of these rats were examined in the same way as those of

Series A.

a. Results. In the group of sick animals, those with the

intestinal infection had, at one hundred and thirty-four days,

bulbs which averaged 0.050 gram or 3.02 per cent of the total

brain weight (table 12, group 1) while a set of normal individuals

of practically the same age gave an average of 0.073 gram or

4.32 per cent of the total brain weight (see table 20, group of

females). These results seem especially interesting because

here the adverse conditions appeared only after the rats wrere

well grown—eighty days old—and lasted only about ten days.

The remaining two groups of sick rats all had infected lungs

and were very old when killed. The two males had bulbs
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averaging 0.037 gram, or 2.0S per cent of the total brain weight

(table 12, group 2) ;
while for the four females, the bulbs averaged

0.033 gram, 1.89 per cent of the total brain weight (table 12, group

3). For these last two groups there are no data of normal

individuals for comparison but the percentage for the bulbs

is strikingly low. Some unpublished data in Dr. Donaldson’s

hands show, however, thnt wliile the relative weight of the

olfactory bulbs tends to increase up to about one hundred and

fifty days of age, in older rats there is a tendency to decrease so

that some of this decrease observed in the old sick rats (groups

2 and 3) may be due to normal age changes. But the remark-

ably small proportional weight of the bulbs here examined is

probably due chiefly to the effect of disease.

In this connection may be mentioned two young rats of litter

PR (group 2), killed at seventy days. Each had infected lungs.

These rats came from parents with infected lungs and had lived

since birth in a dark damp cage. One had very small unequal

bulbs which were not weighed. The other had bulbs weighing

only 0.019 gram or 1.30 per cent of the entire brain weight.

This pair of bulbs wore the smallest observed in the whole series

of experiments. It seems quite evident that the bulbs are

abnormal and quite probable that this abnormality is due to

disease.

5. Summary and conclusions. Defective diet experiments

1. General bodily growth in the albino rat is arrested by an

exclusive ration of com which constitutes a defective diet (Os-

borne and Mendel).

a. The skeleton is poorly calcified and somewhat distorted.

b. The muscular system is grently reduced.

c. The coat has the appearance of that of a young animal.

2. Functional disturbances follow the arrested development.

a. There is increasing muscular weakness.

b. An increasing palpitation of the heart.

c. The animals appear cynnoscd.

THE JOtTKVAL Of COMHAIUT1YE VfOJlOLOaT, VOL. 27, NO. 2
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TABLE 12. SERIES C

Sick animals

Females

Group 1. Three albino rats from a lot of twelve controls for revolving cage

experiment. At about eighty days alt contracted a severe bowel trouble from

which these three recovered.

ANIMALS AGE BODY
WEIGHT

BODY
LENGTH

BRAIN
WEIGHT

,

l

OLFACTORY
DOLD3
WEIGHT

BULBS
PER CENT
OF EnAJN
WEIGHT

days cm. mm.
|MSm gm.

Zi 135 12S.5 165 BBS 0.033 2.03

Y« 135 150.5 ISO ESI 0.034 2.24

Xj
j

CO
n*. 157.9 182 HH 4.55

Average females.... 145.0 176 1.64S 0.050 3.02

Males

Group 3. Two, old, with infected lungs.

PRi
PR t

No. 24

No. G9

70

70

old

365

SS

90
i

213

214

14S

155

202

195 H
Average Numbers
24 and 69 213.5

|

19S 1.775
|

0.037
J

2. OS

Females

Group 3. Infected lungs, old age, and in case of No. 20, bad abscesses on liver.

No. 20

No. 21

No. 71

No. 72

—
II

143.0

140.1

1S6.0

218.3

173

187

186

199

1.673

1.751

1.6S7

1.794

1.63

1.79

3.01

1.16

Average females 173.4 1S6 1.726 0.033 1.89

d. The sense organs become dulled after prolonged defective

feeding—the animals respond but slowly to stimulations of

sound, or light or smell.

e. Defectively fed animals fail to breed.

3. The effect of defective feeding on the brain and olfactory

bulbs is less than upon the rest of the body, but is, nevertheless,

very marked. The olfactory bulbs are stunted and to a con-
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sidcrably greater degree than is the entire brain. When de-

fective feeding is begun in rats about thirty days of ago, the

bulbs of rats thus experimentally stunted form about the same
percentage of the total brain weight as do the bulbs of rats of

the same litters killed at the beginning of the experiment.

Whereas, under normal conditions, the bulbs of older rats (up

to one hundred and fifty days) are considerably heavier in

proportion than those of the young animals. With prolonged

defective feeding the proportional weight of the bulbs tends to

become slightly greater.

4. Sick animals, especially those with lung infection, show a

marked diminution in the relative weight of the olfactory bulbs,

accompanied by a certain amount of loss in total brain weight.

HI. EXERCISE EXPERIMENTS

1. Previous experiments on the effect of exercise upon the albino rat

Several investigators have worked upon problems connected

with the changes in the albino rat occasioned by an increased

amount of exercise. J. R. Slonaker in 1907 published observa-

tions upon four rats of different ages kept in revolving cages

for a short period. In 1912, the same author published an ac-

count of further experiments along the same line, and although

this time, also, the work was with a small group of rats, yet the

experiment was continued during the natural life of the animals.

Slonaker was working chiefly upon the problem of normal activity

in its relation to age and sex but, incidentally, ho made some few

observations upon the comparative development of ‘exercised’

and normal rats. He found that "exercised rats are more active,

more alert, and brighter in appearance than the control ones,”

but that “the control males reach their maximum weight at

an earlier age than exercised males, and also greatly excel them”

and that “control rats live longer than exercised rats.” No
observations were made on the effect of exorcise upon any of the

internal organs.

Donaldson, in 1911, conducted a series of experiments to

ascertain the effect of exercise upon the central nervous system
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of the albino rat. using the same sort of apparatus—a revolving

cage with cyclometer attachment—employed by Slonaker. He
found that there was a slight increase in brain weight (2.4

to 2.7 per cent) to be attributed to the effect of exercise. This

was what was to be expected in Anew of the heavier brain to be

found in the wild Norway rat. The cord showed no effect.

The olfactory bulbs were not weighed separate!}'.

Hatai (T5) published a series of observations based upon his

own experiments and upon those of the present writer, showing

the rather marked effect of the same exercise conditions upon

the weight of the internal organs. In these experiments, the

brains of the test animals showed an excess of 4 per cent over

the controls with no effect upon the cord.

2. Description of Experiments. Series D and E

As it had thus been demonstrated that the brain of the albino

rat could be modified by exercise in the revolving cage, it re-

mained to determine whether, under such conditions, the ol-

factory bulbs would show a more marked variation than the

brain as a whole.

For this work, also, large litters of stock albinos, were chosen.

Each litter was weaned and divided into three groups when
about thirty-five days old. One group constituted the ‘Initial

Controls/ and these were killed and examined as in the previous

experiments. The second lot, the ‘Final Controls/ w^'

in cages under the normal living conditions of tl]

,J ’

0.051

0.021

0.033

1.03

1.79

3,01

1.10

1 .89

third group was used for the experiment. H
animals was placed by itself in a wire rejC^T*

had been used by Slonaker, and later by
Each cage was 5 feet in circumferenc

fastened to the central fixed axis. a^er prolonged defective

suspended so that, theoretically. slowly to stimulations of

floor of the cage to eat. Pry
to avoid this and so escaped breed.

exercise.
feeding on the brain and olfactory

Each cage was provided rest of the bod^ but is, nevertheless,

made and recorded six ti'
or^ bldbs are stunted and to a con-
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ings showed only the activity of the rats when the cage revolved

and were therefore incomplete, since some rats learned to play

from side to side of the cage and keep it from revolving, while

others learned to run up the middle of the sides in such a way
as to hold the cage at rest. But most of the rats soon learned

to run the cages and appeared to enjoy it.

The rats were fed on the same diet as the controls and all the

animals were weighed at intervals of about two weeks.

S. Series D. Rats in revolving cages for thirty days

There were but two litters in this series. One litter was
weaned and set aside at thirty-five days of age and the other

at forty days. Both litters were subjected to exercise in the

revolving cages for a period of only thirty days. All were

killed at the end of the thirty days of exorcise.

a. Results. The exercised males of these two litters gained

more rapidly in both weight and body length than did the

controls, while the females fell behind. The superior growth

of the tost males was sufficient to bring the averages for both

males and females up to 113 por cent of tho weight of the con-

trols and to 101 per cent, of the length (tablos 13 and 14).

The records of the activity of Series D wero accidentally

destroyed, but as those wore for a period of but thirty days,

.“'Quid bo of little value save in adding further evidence
exp runen. „m|0 raj i)ecomes active sooner than tho male.
ona 'or v as u

, average, there is no difference in t ho absolute
in l sie a ion o at

test mts ^ gerics D from that of the controls,
o sen a ions upon

.
rC( | wbb {bR reference table values in Tho

an norma in s. 0

1

-•ccording to the method there suggested
more alert and brighte. ^ bu)bs do sl evcu aftcr thig
but that "the control mai„ . . . . , ,,

,, ,, . , •ounusnl activity (tables 13 and 14).
mi earlier age than exorcised i.

,
. ,,, . . ,

, “ , ,, , , ... , ke up 4.4G por cent of tho brain
and that “control rats live loi

,
,

, , ,, ath 4,30 per cent in tho controls,
observations were made on ttie elh

, , , „„
. , . more marked—4.oo per cent
in emn organs.

making a joint average for
Donaldson, in Oil, conducted » tcs(s 4.32 per cent

ascertain the effect of exercise upon t
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TABLE 13. SERIES D

. Test animals

Albino rats kept in revolving cages for thirty-three days after weaning

Males

ANIMALS AGE BODY
•WEIGHT

BODY
LENGTH

BRAIN*
WEIGHT

OLFACTORY
BULBS
WEIGHT

OLFACTORT
BULBS!

PER CENT
BRAIN
WEIGHT

days prams mm. grams grams

PR. 70 ss 14S 1.4S9 1.30

T; 6S 131.7 170 1.S71 4.21

T; OS 140.9 176 1.831 0.0S5 4.63

PR. 70 173.2 185 . 1.784 0.0S5 4.79

Average males 148.6 1.S29 0.0S3 4.55

Females

os raw— 1.744 4.53

70 EHIP 1.653 4.39
'j&z'

Average females 109.5 160 1.69S 0.076 4.46

Average males and

132.9 170 1.776 o.oso 4.51

1 Lungs infected. Rat undersized in every way, therefore not included in

averages (Series C, Sick rats, p. 218).

in controls, the olfactory bulbs of the former being, therefore,

7 per cent heavier than those of the latter.

4- Scries E. Rais in revolving cages for ninety-eight to one hundred

and three days

The test animals of this group were kept in the revolving cages

for fifteen weeks. At the end of that time, three pairs of test

annuals and one pair of controls were mated (brother to sister

in each case). Some digestive trouble appeared in the cages of

control rats rather early in the experiment and most of the rats

died, while the remaining animals failed to attain a normal
growth, so that satisfactory final controls were lacking for this

group. But the rest of the test animals and the surviving con-

trols were killed at the end of the fifteen weeks, measured,
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TABLE' 14. SERIES D
Final controls

Maks

ANIMALS AQE BOt>*
WEiairr

BODT
LEXOTIt

BRA tf
WEiairr

OLFACTORT
BCt-B1}

wzianx

OLFACTORT
bclbs:

TER CENT
BRAIN
WEIGHT

days froms mm. prams prams 1

I’ll. 70 100 7 15-1 1 030 3 72

PR* 70 DO 0 155
]

1 53S Bulbs

1

unequal*

T< GS 132.4 1 802 4 G4

Average males 1IG.G 1G2 1 719 0 072 4 20

Females

9HH GS

GS

70 m 159

IGo

170

4 52

1 32

4.32

Average females 119 0 1G5 1 753 0 077 4.39

Average males and

females 118.0 1G1 1 739 0 075 4 32

Test

Control
103.7% 102. 17c 100 S7c

1 Lungs slightly infected. Not included in average.

weighed, examined, and bulbs preserved exactly as in the under-

feeding experiments.

The mnted animals were kept about one hundred days longer

to see whether the exercise of the previous weeks would show

any effect upon fertility.

a. Results. General body growth. Wo find by examination

of the records of body weight taken at two-week intervals during

the experiment, that up to the time the larger set of control

rats fell sick, the exercised animals were gaining less rapidly

in weight than were the controls. From the time of the illness,

some five weeks after the beginning of the experiment, the control

rats fell off in weight, and with a single exception, they never

recovered. Litter W escaped the infection and the weight

records for the six rafs composing it are as follows:
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TABLE 15

Record for Litter IT', Series E, showing gain in weight for individuals in revolving

cages and for controls

TEST RATS CONTROL RATS

YV« (m) V« (f) wi to W: (m) W, (m) w, to

Initial weight 40.5 g. 50.5 g. 43.5 g. 50.0 g. 40.5 g.

2 weeks weight i G2 0 05.

G

03 2 OS.

7

09.2

4 weeks weight 97.0 S2.0 103.0 107.0 120.0 S9.0

6 weeks weight mSm 124 0 142.2 139.0 14S.S 119.0

9 weeks weight Km 142.0 170.5 194 0 212.0 148.0

30 weeks weight 210 0 14S.0 1S7.0 205.0 224.0 150.0

Final length 209 mm. 1S2 mm. 19S mm. 207 min. 200 mm. 190 mm.

The test rats from LitterW were, on the whole, slightly longer

and lighter in weight than the control animals. The majority

of individuals in Litter W proved to have abnormal brains

—

one or both olfactory bulbs being very much undersized. The
brains, therefore, could not be used for comparison and the

litter was excluded from the tables. For comparison with the

rest of the litters of Series E, it was necessaiy to use other stock

litters, as will be described later (tables 18 to 25). The compari-

sons are not, therefore, of as much value as they would be were
the controls from the same litter. On the average we find body
length slight^ more, and body weight slightly less, in test ani-

mals (table 25). I think we may conclude that these results

agree in general with those of previous investigators indicating

that exercise has but a slight effect, if any, upon either body
weight or body length.

The size of the viscera was considerably modified. These
results have been incorporated in the report by Hatai (T5).

Activity of exercised animals. These rats showed great

individual difference in the amount of activity and in the age
at which they became most active (tables 1G, 19, 21, 25). In

these respects, there was also a considerable difference in litters

as shown by the following record.

If we take the record of these same rats for ninety-three days
we get an average of 5.7G miles per day for males, and 5.9G miles
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TABLE 16

Activity rcconi of rats in revolving cages for one hundred and If,ret days. Series E

AStUAL TOTAL
MILES

MILES PER
DAT ASlUJkt TOTAL

MILES
MILES rtu

DAT

VtM 014 5 S.9 Y,M ... . 5T>» 7 5 4

770.5 7.5 ZjM .... 47G 3 4 G

721 0 X.M . . 4 G

705.3 G 8 XjF. ... 453 7 4 5

GS9.0 G 7 Z.F 457 1 4 1

577 S 5 G Z.F ... . 416.

G

4 3

Average for males.. 014.7 5 9G

Average for females 593 7 5 7G

for females, and if we go back still further we get a still higher

average for the females and lower for the males. The males

were slow to begin to run the cages. An extreme example, Yi

of the present series, ran less than 2 miles during the first five

weeks in the cage, but. became extremely active during the last

four or five weeks making a final average of 5.4 miles per day,

a record almost equal to the average for the entire lot of males.

Tlie females soon learned to run the cages and became very

active at an early age. During the last weeks of the experiment,

the activity of practically every female in the series was on the

decline. I think from a stud}'- of all the records it may be con-

cluded that while, in the revolving-cages, the females reach the

period of greatest activity earlier than do the males, yet in the

long run, tiic records of a large number of males and females

would average about the same.

Possible effect on fertility. There is some indication that the

fertility of the albino rat is increased by exercise. In the cases

of the three pairs of exercised rats which were mated, the fol-

lowing record of offspring was obtained, together with the record

of one control pair.

The average size of litter for normal stock albinos lias been

found to be between 0 and 7 individuals (Donaldson ’15). This

is about the average for the control pair, while the averages for

the three test pairs is considerably higher—13, 10.5, and 9.
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we sec that the average for 12 controls (90 to 1G0 clays old) was
4.20 per cent while only two test animals fell as low as this

(one of these was of abnormally light body and brain), and the

averages were 4.41 per cent and 4.74 per cent for four and one-

half months and eight months respectively.

o. Summary

1. The results of the present experiments agree with those of

previous investigators in that they show no marked effect of

exercise either upon body length or body weight in the albino rat.

2. The female albino becomes very active earlier than does

the male but the activity of the male later increases to such an
extent that the total activity for the two sexes for long periods

is probably about equal.

3. These experiments suggest that there is an increase in

fertility correlated with increase in the size of the reproductive

organs.

4. The brain weight is slightly increased .by exercise.

5. The weight of the olfactory bulbs of albino rats exercised

in revolving-cages for periods of from thirty to one hundred days,

is considerably increased. The bulbs of such rats form from

4.41 to 4.74 per cent of the total brain weight as compared with

4.20 to 4.32 per cent in rats reared under normal colony conditions.

These bulbs show an increase of 5 to 11 per cent over and above

the increase in weight manifested by the entire brain.

IV. CONCLUSIONS

Front the preceding observations we may conclude that we are

able to modify the olfactory bulbs of the rat by changing the

conditions under which it lives and to modify them to a con-

siderably greater degree than we can change the rest of the brain.

In enses of stunting, the bulbs tend to overcome the effect, to

a certain extent, sis time goes on. With exercise the effect seems

to increase with age. Yet the bulbs respond more markedly

to the stunting effect of defective feeding or sickness than to

the stimulating effect of exercise.

A histological study of these modified bulbs will be presented

in the second part of this paper.

TUB JOVRSAL Or COMPARATIVE Kri-'ROtOOT, VOL. 37, SO. 2



234 CAROLINE M. HOLT

V. LITERATURE CITED

Donaldson-

,
H. H. 1911 On the influence of exercise on the weight of the

central nervous system of the albino rat. Jour. Comp. Neur., vol.

21, pp 129-137.

1911 a The effect of underfeeding on the percentage of water, on

the ether-alcohol extractives, and on medullation in the central nerv-

ous system of the albino rat. Jour. Comp. Neur., vol. 21, pp. 139-145.

1915 The Rat. -Memoirs of the Wistar Institute of Anatomy and
Biologj-, No. 0.

Hatai, S. 1904 The effect of partial starvation on the brain of the white rat.

Am. Jour. Physiol., vol. 12, pp. llff-127.

1907 Effect of partial starvation followed by a return to normal
diet, on the growth of the body and central nervous system of albino

rats. Am. Jour. Physiol., vol. 18, pp. 309-320.

190S Preliminary note on the size and condition of the central nerv-

ous system in albino rats experimentally stunted. Jour. Comp. Neur.,

vol. IS, pp. 151-155.

1915 On the influence of exercise on the growth of organs in the

albino rat. Anat. Rec., vol. 9, no. S, pp. 647-065.

Jackson, C. M. 1915 Changes in young albino rats held at constant body
weight by underfeeding for various periods. Anat. Rec., vol. 9, pp.
91-92.

1915 a Changes in the relative weights of the various parts, systems,

and organs of young albino rats held at constant body weight by
underfeeding, for various periods. Jour. Exp. Zool., vol. 19, pp. 99-

156.

Osborne, T. B. and Mendel, L. B. 1911 Feeding experiments with isolated

food substances, Part 2.

Slonakeu, J. R. 1907 The normal activity of the white rat at different ages.

Jour. Comp. Neur., vol. 17, pp. 342-359.

1912 The normal activity of the albino rat from birth to natural
death, the rate of growth, and the duration of life. Jour. Animal
Behavior, vol. 2, pp. 20-42.



PART II. ON THE NUMBER OF NERVE CELLS IN
LARGE AND SMALL OLFACTORY BULBS

CONTENTS
1. Introduction. Preliminary experiments on tho effect of certain fixa-

tives upon the rat brain 235

11. The problem of size differences 23G
III. Technique and methods of study . . ... 237

1. Preparation of sections ... . 237

2. Methods of study 23S

IV. General differences in size 23S

V. Comparison of colls of gray layer 210

1. Size and number of small cells in molecular layer 240

2. Size and number of mitral cells 243

3. Study of tho small colls in the gray layer . 248

VI. Conclusions . 250

VU. Literature cited 251

1. INTRODUCTION

The foregoing studies have shown that it is possible to change

the relative weight of tho olfactory bulbs in the albino rat

(Holt, ’17). This relative weight is decreased by a defective diet

and increased by exercise. Such being the case, it seemed very

desirable to make a histological comparison of the bulbs which

had been stunted by a defective diet or enlarged by exercise, with

those of rats reared under normal colony conditions. For this

purpose it was of course esscntinl to find a method of fixation and

treatment which would give uniform results. Fixation in Ohl-

mneher’s solution as recommended by lung (TO) for the study of

cortex cells, gave very satisfactory results, but her statement that

“various individuals react differently although subjected to the

same course of treatment,” and her tables (loc. cit., p. 231)

showing a variation in slirinkage ranging from 2 to 18 per cent

in brains so fixed, suggested that it would be best to examine

this method a little more in detail. Unless uniform results

could bo obtained by it, tliis method would, of course, be un-

235
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suited to comparative study of the size of bulb elements. Ac-

cordingly, the method was further tested, and at the same time

an examination was made of the effect of Muller’s fluid and of

Orth’s Formol-Miiller solution upon the various parts of the

brain.

A long series of experiments demonstrated quite conclusively

the following points which have an important bearing upon the

present investigation.

1. Of the three fixing fluids tested, Ohlmaclier’s solution causes

the least change in weight in brain tissue.

2. Orth’s solution (cold) causes a slight increase in weight.

3. Muller’s solution causes a very considerable increase in

the weight of brain tissue as has already been noted (Donaldson,

’94).

4. Olfactory bulbs, fixed in Ohlmacher’s solution, reach a

state of equilibrium at the end of twenty-four hoiirs; fixed in

Formol-Miiller, they reach this state at about the end of one

week; fixed in Muller’s solution alone, changes continue from

six weeks to two months.

5. There seems to be no appreciable individual variation in

the reactions of albino rat brains of like age to Ohlmacher’s

solution, to Muller’s fluid, or to the Formol-Miiller solution.

The results obtained by Dr. King are due apparently to the

fact that the brains which were weighed in her experiments liad

been fixed for varying short lengths of time and the initial changes

in weight were so rapid that there appeared to be a considerable

difference in the way the various brains reacted to the fixative,

when in reality, had all the brains been fixed for exactly the same
length of time, no such large disagreement would have been
found.

II. THE PROBLEM OF SIZE DIFFERENCES

Although under normal conditions, there is a good deal of

variation in the size of the olfactory bulb of the albino rat,

we have found that it is possible, experimentally, to increase

this range of variation to a very considerable degree. The
question next arises as to the structural cause of the difference
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in size. Is it one of size of elements or of their number? Have
we more cells and fibers in the heavier bulb or arc the cells and
fibers merely of a larger size? The present paper deals only

with the question of cells. The fibers have yet to be examined.

XU. TECHNIQUE AND METHODS OF STUDY

Since experiments on the effect upon the rat brain, of Ohl-

macher’s, Muller’s, and the Formol-Muller solutions have demon-
strated that for brains of like ages there is a definite, practically

unvaried, swelling or shrinking reaction for any given fluid,

the brains of the rats used in the defective diet and exercise

experiments were fixed in these several solutions for histological

comparison. For the present cell study the method adopted was
that recommended by King (TO) for study of the cortex, namely
fixation in Ohlmacher’s solution for twenty-four hours, followed

by one hour in 85 per cent alcohol, three to four day's in iodized

70 per cent alcohol, double embedding in celloidin and paraffin,

and staining in carbol-tlnonin and eosin. However, after the

first trials, this method was varied in the matter of embedding.

For such small objects as the olfactory bulbs, paraffin proved

more satisfactory when used alone. Sections were cut Sn

thick and mounted serially. A rather deep thionin stain gave

the best results for cell enumeration.

t. Preparation of sections

At first, some bulbs were cut sagittally and the largest sections

compared. In the study of these sections the number of cells

in the gray layer of the different bulbs was found to be so nearly

identical that it was decided to attempt a thorough study of cell

number.

In dissecting a rat brain into its parts, the bulbs are cut from

the brain in such a way as to leave an appreciable portion of the

bulb attached to the cerebrum. The method followed was to

place the brain, ventral side down, on a fiat surface and with a

knife held in a plane perpendicular to the table, to sever the bulb

at the point where it disappears beneath the cerebrum (plate 1).



23S CAROLINE M. HOLT

This is the part of the bulb which is weighed, and since all bulbs

are removed in the same way, it has been assumed that we have

corresponding portions for comparison. Because the recorded

weights represented only this portion of the bulbs, it seemed

advisable at first to compare the cell elements of these parts only.

Accordingly cross sections of the bulbs were made but unfortu-

nately, as appeared later,most of the test series were not complete

for the portion of the gray substance beneath the hemispheres.

The method of meeting this difficulty will be described later.

2. Methods of study

The stud}1- of sections was made largely with the aid of the

Edinger projection apparatus. Cell counts were made by pro-

jecting the sections onto white wrapping paper, outlining the

area, and puncliing the image of each cell nucleus with a tally-

ing register fitted with a sharp prong in place of the usual blunt

register arm (Hardesty ’99). The hole punched by this prong

insured against counting the same cell twice. It also left a

permanent record of any particular region which could be re-

examined later. In some cases the count for each section was

recorded; in others, the whole number of sections to be counted

were registered consecutively and no record made until the end.

Occasionally a section was recounted—to serve as a check on the

work.

IV. GENERAL DIFFERENCES IN SIZE

Most of the comparisons of size and the determinations of

cell number have been made on bulbs stunted by a defective diet,

and on their respective controls. Only two bulbs of the exercise

series have 3'et been examined.

The general differences in size between young and mature,

stunted and normal olfactory bulbs are very well illustrated

by the sections shown in Plates 1, 2, and 3. Figure 1 of plate 1

is a camera drawing of a median sagittal section through the

bulb of a rat stunted by feeding for thirty-one days on a corn

diet. The body length was 13Smm.; brain weight, 1.547 grams
and the weight of the corresponding bulb which was removed and
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weighed, was 0.020 gram—the approximate weight then of the bulb

shown in the drawing. Figure 2, plate 1, is a median sagittal sec-

tion through the control bulb. The rat from winch this was taken

was 1G0 mm. long, with brain weight of 1.098 grams, and the

weight of the corresponding bulb was 0.032 gram. Like the bulbs

of very young rats, the gray layer of the stunted bulbs extends

somewhat further, in proportion, beneath the cerebrum than in

the case of normal older individuals.

'When the stunted bulb is compared with its control, there

appears to be a rather uniform size difference involving all parts

of the bulb. It is hard to compare the outer fiber layers owing

to the difficulty in removing the bulbs perfectly from the skull.

The anterior end of the fiber layer is very likely to be entirely

torn away and sometimes the ventral side also suffers. However,

it is plain that the glomeruli of the larger bulb arc much larger

and more open; the granular cells are not so closely packed to-

gether; and the gray layer is usually broader in the larger bulb

and the inner granular area considerably more extensive. These

differences between the peripheral portions are illustrated by
the more highly magnified mid-dorsal areas S and .S of figures 1

and 2, shown in figures 3 and *1 of plate 2.

Plate 3 shows three cross sections; through Q s ,
a thirty-day

control bulb (fig. 5); M», a sixty-two-day stunted bulb (fig. 0);

and M s ,
the sixty-two-day normal control (fig. 7), for M,. These

sections were made through the region where the bulbs are

usually cut from the brain. The figures illustrate another

typical difference. The normal bulb (figs. 5 and 7), as it grows,

elongates more rapidly than it increases in thickness and it

tends to grow faster dorso-ventrally rather than laterally. In

these figures, the outer fiber layer is probably complete at the

sides. Vcntrally it has doubtless been torn away to some extent

in all three bulbs. The difference in size of the glomeruli is

well shown here, but while there is a greater area of gray matter

in figure 7 than in the other two, the gray layer seems narrower

than in M« (fig. 0). The companion bulb of Qs, (fig. 5) weighed

0.024 gram, that, of M, (fig. 0), 0.025 gram while M s weighed

0.037 gram (fig. 7). The portion of Q s anterior to the section
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illustrated, was about 1350ju long, while M4 had loOO/i anterior

to the section, and M5,
2000^. The differences in size are

confined to no one region but are distributed somewhat pro-

portionalty through the different layers.

V. COMPARISON OF CELLS OF GRAY LAYER

1. Size and number of small cells in molecxdar layer

It has been the general impression that, within certain limits,

the size and weight of the brain are indices to its functional

capacity. In the phylogenetic series, of course, it is, with one

or two exceptions, true that increase in intelligence is accom-

panied by increase in the relative size of the brain. So within

any given species of mammals, it has been assumed that the

more efficient brain is the larger and heavier.

The question 'as to whether, within such a group, increase

in size of the brain means an increase in the number of nerve

elements or in the size of the elements themselves, becomes an

important one. For an increase in the number of elements

should give increased functional possibilities. So, if we find in

comparing large and small brains or divisions of brains from

closely related animals, that the larger structure contains a

greater number of cells and fibers, then we have reason to expect

from the larger and more complex structure the greater degree

of efficiency.

If, on the other hand, the number of elements is found to be

uniform for the part under consideration, then we must conclude

that the large and the small brains have potentially the same
ability to function, save as their efficiency may be affected by
the size or degree of development of the individual elements.

The small cells of the molecular layer (mo, fig. 2) show more
cytoplasm; or perhaps we may say that it is possible to distin-

guish more cells with cytoplasm in the molecular layer of large

bulbs than of small ones. For example, the section of Fi shown
in figure 1 shows GS cells between mitral layer and glomeruli,

in which cytoplasm may be distinguished, while the control,

Fs, shows 15S such cells. Corresponding sections through Mi,
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n thirty-day control, and Ci, a sixty-day underfed bulb, show
10S and 103 cells with cytoplasm.

Although a difference in cell size appeared, there seemed to be

little difference in numbers of cell elements in the gray layer.

Although it is not always possible to distinguish between the

nuclei of very small cells and possible cross sections of fibers

under the conditions used for counting—yet the error due to

this difficulty is probably negligible. A preliminary count was
made of all elements, having the appearance of nuclei in the

largest sections of the bulbs F,, Cs, Fs ,
Fc ,

and Mi, with the

following results.

TABLE 1

is'rriAL covrnob
|

TFST 1

J

FINAL CONTROL

Bulbmos
r_. nri

jRffHj Bulb Ago i

Bulb
weight

Num-
ber PCUr

Bulb Age Bulb i

weight
^

Mum-
1»-T cells

M,.. 30

frami i

0 020 2172 F.

C,

days

02

50

2500

2G01

F,

F.

day s

ni

0!
|is

j

2509

i

2003

These counts for the test and final control bulbs suggested so

strongly that the. number of cells is the same for bulbs of different

sizes that attention was turned entirely to the investigation of

this point. At first longitudinal sections were used, but these

were soon abandoned for two reasons. First, it seemed desirable

to be able to count the cells of just that portion of the bulbs

corresponding to the part weighed; and second, the longitudinal

sections presented so many irregularities that it was necessary

to count many more sections to approximate the true average

than in the case of the cross sections. Counts were made of all

elements in the gray layer outside the mitral layer between the

tip of the bulb and the point at the proximal end where the gray

layer is first interrupted on the dorsal aspect of the bulb (see

figs. 5, G, 7). These counts consumed a vast amount of time

and when completed seemed to disagree with the observations

already made upon the longitudinal sections (table 2).

A first glance at the table would indicate that the small bulb

lms fewer cells and would suggest that this difference in cell
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bulb. The number for X 6 ,
whose weight was 0.040 gram,

was 73,950. To see whether there were any virtue in making

so thorough a count of cross sections, the total number was

computed from a recount of every 10th section, excepting at

the most anterior end where every cell was counted in every

section, until the sections showed a single layer of mitral cells.

By this method the number obtained for X] was 64,775 cells,

making a difference of only 0.4 per cent. For X c the count was

73,324, which was 0.S per cent smaller than the more exact

count obtained by counting half the sections. These differences

were so small as to make the more exhaustive count seem un-

necessary. XG gave
.
an almost complete series through the

entire gray layer so the count was completed, giving for the entire

bulb SO, 114 cells. The count of the mitral cells in Xi could not

be completed as the series had been cut, unfortunately, with the

idea of comparing only the parts of the bulbs whose weights we
knew, and which, therefore, extended back but a short distance

under the cerebrum. The cells of these few sections were, how-

ever, counted, giving a total of 71,914.

The number of mitral cells in Gc was computed from absolute

counts of anterior and posterior ends of the series and by count-

ing every tenth section through the rest of the series. M 4 ,
M 5

and Q 5 ran so evenly that here in the middle portion of each

series, only every twentieth section was counted; on either side

of this portion, every tenth section, and all cells of all sections

at either end.

With the sagittal sections, the task was more difficult and the

results, I believe, less reliable for this reason: toward the sides

of the bulbs, especially the median side, the sagittal series may
give tangential sections of the mitral layer so that a single section

may yield a count of 1500 cells whereas a section two or three

removed on either side might have but 300 or so mitral cells.

It can be easily seen that if the section to be counted, happened
to fall in such a region, .or entirely skipped such a region, the

count would be considerably modified. Some of the bulbs

gave no trouble of tliis kind while others were hard to count for

this reason. G 3 was an interesting example of the way this
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may work out. A count was first made of all cells at. either cud
of the series and those in even- tenth section through the middle

portion. The result when computed was 05,993 mitral cells.

Then the middle section of every ten was counted with a total

result of S3,974 cells. Two other series were attempted but

abandoned as the bulbs were so irregular that an accurate

count would have required the enumeration of the cells of at

least every alternate section. The other bulbs, except Cj

for which every fifth section was counted, were fairly regular

so that the mitral layer offered no such complications. For

these, the method of counting all cells at cither end of the series

and those of every tenth section through the median portion

was followed. The sequence of counts was varied with each

bulb, and the records kept in various ways and not infrequent

recounts made. The recounts were surprisingly close to the

original, for, as has been stated, it is not always easy to decide

whether or not a cell should be counted, and in focusing ns one

counts, a granule lying below or above a portion of a mitral

coll sometimes looks very like a nucleus, but the oitor due to

this cause is probably too small to be considered.

Details of counts of the different bulbs, arranged in the order fol-

lowed in taldc 3.

Bulb Xi, thirty day, initial control. Cross sections. Mitral cells

counted in every section of anterior end hack to the- first section in

which the mitral cells appeared in a single layer. From this point,

counts were made for every tenth section back to the cerebrum. By
computation, the total manlier of mitral cells was 64,775. By a
recount in which the mitral cells of every other section were enumer-
ated the computed number was 61,470 making a difference of only

0.4 per cent in' the two counts. The scries of sections for the region

beneath the cerebrum was incomplete, the posterior portion not having
been preserved. A count was made, however, of the sections which
W'ere present. This number added to the number already counted

by the second method, brought the total up to 71,914 cells.

Bulb Ei, Test, defective diet series. Sixty-two days. Sagittal

sections. Mitral cells counted in all sections at either end of the scries

and for every tenth section between.

Bulb Ci Test, defective diet scries. Fifty-nine days. Sagittal

sections. Counts made ns in F,.

Bulb Q;, thirty day, initial control. Defective diet series. Cross

sections. Mitral cells counted in all sections at both ends of the series.
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the lateral ventricles until the end of the second year. Hatai

observed an increase in number of cells in the spinal ganglia,

corresponding to increase in age but this increase was attributed

in part, at least, to failure to count all the ganglion cells in

very small animals. Ranson (’06) in a study of the second cervi-

cal nerve found no correlation between the number of cells and

the number of myelinated fibers, neither did he find the number

of cells to vary with the age of the rat.

The results of the present investigation of the number of cells

in the olfactory bulb help to confirm the impression that the

number of cells in the central nervous system becomes fixed at

an early age so that after the first three or four weeks at least,

theie is no material change in the cell number.

This study also gives us reason to believe that the number
of small and of mitral cells in the gray layer of the olfactory bulb

is very nearly the same for all individuals with especially close

agreement between individuals of the same litter. It seems fairly’
-

evident that while external conditions may modify to a con-

siderable extent the size of the brain of the albino rat and espe-

cially the size of the olfactory bulbs, the only effect is upon the

ielative development of the individual cells. The number of

cells remains the same. The fibers have yet to be examined.

It is important to bear in mind in a determination of this

sort—e.g., the number of mitral cells—that a fixed number,
in the physical sense, is not to be expected, for all organisms are

normally variable in all of their parts, variability being an es-

sential character for living things; so the number which is ob-

tained gives a mean value which we take to be characteristic

for the species under the present conditions, but around which
equally characteristic variations also occur.

VI. CONCLUSIONS

1. For bulbs of different ages and sizes, the regions anterior

to the cerebrum, which are commonly considered the bulbs, are

not strictly homologous, since, in the brains of young or stunted

rats, a larger proportion of the bulb lies beneath the cerebrum
than in the case of the better developed brains.
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2. All layers of the olfactory bulb are about equally concerned

in the increase in size or in the arrest of development of the

bulb.

3. The smalt cells of the molecular layer show a larger amount
of cytoplasm in large bulbs than in small ones.

4. The number of small cells in the molecular layer, appar-

ently, is not correlated either with age of the rat or size of the

bulb. The entire computed number for a small, medium, and

large bulb was found to be approximately 1,000,000 cells =*= 2

per cent.

5. The mitral cells of small bulbs arc smaller, on the average,

than those of large bulbs.

0. Within the limits here taken the number of mitral cells is

not affected by the age or the size of the bulb.

7. There seems to bo some variation between litters in the

number of the mitral cells. The average number of mitral

cells for 13 bulbs was 70,750, the lowest number being 70.025,

and 'the highest S3,974. The standard deviation a is 4504 and

the probable error of the mean * 855.

S. When members of the same litter are compared, bulbs

stunted by a defective diet or enlarged by exercise show practi-

cally the same number of mitral cells as do their controls. The
mean difference is - 1.8 per cent for the tests.

9. The olfactory bulb size is correlated with cell size and not.

with cell number.
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s. areas in figures 1 and 2 enlarged in

figures 3 and 4.

fi, outer fiber layer

<jl, glomeruli

mo, molecular layer

PLATE 1

EXPLANATION OF FIGURES

Median longitudinal section through olfactory bulb of Fi, section 3 1/G.

Fi, underfed 31 days. Final brain weight, 1.5170 grams, bulb weight, 0.0203 gram.
Defective diet. Magnified 24 diameters.

Median longitudinal section through olfactory bulb of F5 , section 5 5/4. Ft,

control for Fi. Brain weight, 1.G9S1 grams, bulb weight, 0.0315 gram. Magni-
fied 24 diameters.

mi, mitral layer

g, granular layer

/, inner fiber layer

c, cerebrum





PLATE 2

EXPLANATION' OF FIGl'HES

Portion of section of Fit area S, in figure 1. Magnified 172 diameters.

Portion of section of F6 ;
area S. in figure 2. Magnified 172 diameters.
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PLATE 4

EXPLANATION* OF FIGURES

Cross section of Ms, section 3 G/12, cut same ns figure 5 above. M s ,
control

for M<. Bruin weight, 1.7110 grains; bulb weight, 0.0374 grain. Magnified 30

diameters.
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The Harpswell Laboratory.
Tile Harpswell Laboratory, at South Harpswell, Maine, will be open to

'
.

‘ 1

the summer of 1017. from June 20 until early September. The laboratory.
’

devoted to research on the Atlantic coast of the United States, north 1

;

<

region has a delightful summer climate; tiie fauna and flora arc rich, especially in northern,
forms; and the expenses of living are moderate, while proximity to Portland (10 miles, three
steamers a day each way) renders the place easy of access.

Among the animals especially interesting to the. zoologist are the abundant dogfish; Cerc-
hratulus and ICchinarachnius, so valuable for experimental studies; numerous hydroids and
medusae; a rich plankton with frequently many rare types; and in the deeper waters,
braebiopods and the hagfish, My.xine.
The laboratory has several small boats and a large motor boat, which can cover the whole

of Casco Bay and can go to the outer fishing grounds. There are several nets, dredges,
tangles and trawls, as well as the ordinary apparatus for shore collecting. There is a goodly
amount of apparatus for studies, and the stock of chemicals is good. AH workers are expected,
however, to bring their own microscopes.
The laboratory is wholly a station for research, and no courses of instructions are given.

There are nine private rooms and table room for several others in lhe large laboratory. All
the facilities are offered free to those who are fitted to enjoy them, there being no charge for
room or tables, but investigatorswillbeexpccted to supply their alcohol. All correspondence
regarding the laboratory should he addressed to J. S. Kingsley, Urbana, Illinois, until the
tenth of June; after that date at South Harpswell, Maine.
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NEUROBIOTAN IS AND ITS SELECTIVE CHARACTER

In various articles,' first in 1007, 1 have published observations

concerning the shifting of nerve cells in the centra! nervous

system, which could be shown by the different places that

* Tho principal point* arc mentioned in:

Die pliyloRcnctischo VerlngcrunBcn der motorischen OMongnta-Kcnic. ihre

Ursnclm uml ihre UrdeuWnK. Ncurolosischcs Ccntraiblatt, 1007, and linpport

dll Conert-s international do IVyrhintric el lie Neurologic, iWtcrilam, 1007.

Weilere MiltcilunRcn idler dio Verlaecnmgcn der inotorischcn OblouRaU-

Kerno: dor Pan de« nnlonomen Systems. Folia XeurotiioloRica, lid. 1, IMS.

Specially in: Weilere Milteilunpen ulier Neurol,iot»xi». Die Selcktivipit der

3)1

ittz jnvnvu. or covun.ai.TJvn xtcKoutor. vou 27, 5*o. 5
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f hr- motor nuclei of the oblongata exhibit in the series of

vertebrate-:.

Ont*j"f*netic;>.I[y the -nme phenomenon could he stated. Since

it warn mo.-t evident that the shifting of these central groups

took place in the direction of the point whence the majority

of stimuli proceeded to their cell-, we apparently had to do with

a phenomenon of taxis or tropism. which 1 called Neurobiotaxis,

because jt occurs in t lie nervous system during life (in its phylo-

genetic and ontogenetic development) arid I did not know where

", ft! "n-Wnnii rrunc- D*c Be,icu;ung syr.ehromschcr UeizvenvandtPchaft, etc.

Folia N'c urnbiolngica. iiil. 1, 10'ts

t‘\.r-r dip UiMung von Faservcrbindungen auf Crund von fdmultanon und
*uV :> - iv'>n Hf izen. Berjeht do- III. Ivon gresse-s fur cxperiwientollc Psycho-
logic in Frankfort am Mam, 10'is

Further anatomical details are found in:

Writerc Mittcilunpcn uber Neurol,lotaxis, II. Die phylogenotische lCntwick-

lung des •horizotitalen Schenkel- dps I'uciatisvvurzell;nie=. Folia Neurobio-

tnf;p... ltd. 2, !!'!)>.

ViVitere Mittcilungen ul-.cr Xcurobiotaxis, lit. (‘her den ICinfluss dor Neurone
dcr Gt«Pimap!>’-.en»p nut den motori?ehon Facialis und Glossophivvyiigeuskern

mid ikr Verbal ten rti r Radix de*oendens Nervi (|uinti. Folia Neurol,iologica,

ltd :t, If-Yi.

V> citere Mittcilungen idler Xcurobiotaxis, IV. The migrations of the abducens
nuch-u- and the enneomitating chances of its root-fibers. Psvchiatrische en

Ncurologische Bladen. Amsterdam, 1010.

The migrations of the motor cell-5 of the bulbar Trigeminus, Ahducens and
Fie-inlr- in the series of vertebrates and the differences in the course of their

root-fiber-- counted as Mitteilung V.l. Verhandclingen de.r Kon. Akad. v.

•'A happ-’n, Amsterdam. Tweede .Scene, Deel 10, Nr. -I, 1010.

V. < !t. re Mitteilungp’.i uber Xcurobiotaxis, VI. The migrations of the motor
root-i-ell-- of the vagus group and the phylogenetic differentiation of the hvpo-

ntHt-us from the spmo-oceipital system. Bsyehiatrisehc en Ncurologischo

Blad'-n. Amsterdam. 1011.

V, citere Mittciluncen uber Neurobiotaxi?, VII. Die phylogenntische ICnt-

v. n-klung der motoris-ehen Wurzt-Ikcrnc in Oblongata und Mittclliirn. Folia

Nt iro'iiologica. Bd ih Soinmorgangzungshcft, 1012,

Weitere Mitl'ilungen fiber Neurobiotaxis, VIII. fiber den inotorischen

l’a’-ir:';-. und ( rlo-sopharyngeii' Wurzel bei niederen Vertebraten. Folia Neuro-
Inoh'gira. Bd. 0, 1012.

‘1 he rfru -turn of the autonomic nervous system compared with its functional

activity. Journal of Physiology (Fngland), vol. S7, lO’lS. p. KID.

Bhcnomena of n«urnbintaxis in the central nervous system. Section Anatomy
and F.n-bryology, of tlicXVIItli I nternationat Congress of M<-dirinc, London, 10 FI.
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to classify it under the phenomena of galvnnotaxis, chemo-

taxis or otlier processes of taxis or tropism knorvn at that time.

This phenomenon of slufting is clearly shown by figures 1 and

2, where the dorsal position of the abducens nucleus in the

shark with its huge fasciculus longitudinalis posterior (f.l.p

fig. 1) strongly contrasts with the ventral position of the same
nucleus in a bony fish (fig. 2), where the fasciculus longitudinalis

Fig. 1 Acanthins vulgaris, showing the dorsal position of the abducens

nucleus. /././>., fasciculus longitudinalis posterior,* Xuc.Vl, abducens nucleus;

X.VI, abducens nerve; motor facialis root. After Van der ITorst.

posterior is much smaller, lint where the ventral sot of central

afferent tracts which influences this cell group is much more

strongly developed (tr. tcclo-bulbarcs ventrales, tr.l.b.v., fig. 2).

The first way in which I formulated this law was thus: When
from different places stimuli proceed to a cell, its chief dendrite

grows out and its cell-body shifts in the direction whence the
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majority of stimuli proceed.- The truth of this was soon con-

firmed also in other parts of the cerebrum, by Tretjnkoff, 3

Herrick. Rartehnez.'- Obenchain,6 Bok, Van der Horst7 and

other-.

f ob-er\ed, however, on an increase of afferent stimuli in a

.riven center, that not all the neighboring cells approach this

center, hut that only certain cells proceed to that center which
apparently had a certain relation to it, while other cells (even

lying ne.it er by 1 did not migrate into the direction of the increased

season, fa hi. I» , att-c evidently they had nothing to do wit-hit

and did not -’and in relation to it.

1'urtl ‘ i re-e.oche- convinced me that the functional relation

which appealed m be the condition for the approach was shown
to he a correlation depending on simultaneity of function—of

stimulation.

N> the a in inert,- nucleu.- shifts from one center of visual co-

ordination liber- the r bp.) to another set of visual co-ordination
fiber- ‘lie ti .

t< eto-huiharis’i if the latter increase; but an increase
of the t i-b fiber- tor instance, does not have any effect upon it.

.

' r * similar observation had been already made by Strnsscr
' I*'

1,1,1 ,,v 1 l,:l ' ,
'
1

• Compare: Strasser, Alto und ncue Problcmc der Knt-
tvitv.Iminsa,'Si'li" lit In-lien Korsohung; auf detn C.cbictc des Nervensy.stems,
•apm.tcf. der Anatomic und Entwieklungsscschichtc, Bd. 1. 1S02, p. 721.

“If’
<U'’ sist^rma nerviosa del liombre y do los vertebradox, vol. I,

,

‘ I> '
’’

.

’ ^ aiid. Algunas observaeionas favorable? a la teoria neuro-
rotni a. r.i i.ijos, vol. i. 100S, p. (ft. Both, however, failed to see the eorre-

'• IV
,

' V
' tf r

,‘
n

l
,ro!,|’ss. and Cajal aserihes a great influence to the spoil*

-V
11

;

1 nn< * *diaf secretion of attracting chemicals for the

r'
!'•'

'[V "l’
1 !,t oil agree with ),im .

Has Xervonsyslem von Ammocoetes, II. Das Gehirn. Arcliiv
tml.r.-k. Anat.. Bd. T.t, ittfjo.

morphology of the ford,rain in Amphibia and Replilia.
.etir. < otnp. Neiir., vol. -jo. 1‘iHl.

llr V.l
' " " an< ' ’"lele'is motorius tegmenti. Jour.

T,.i,o .

rriel. ). Notes on the anatomv of a evclostome Itrain,

'VZ:2 rwT u
""" Con*P- vol. 23, 101.:.

'

* ’ootorisciie kerneu en hanen in do hersenen der vissrlien,

t -i.rift dr r Nwi iy,..' -

1

'V-°
* ” '’enrobiofactisrhe lieteekenis. See also' Tijd-

* '* ' orcon,
i

,
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Tlien I found—though not starting my work with a psychologi-

cal scope—that the anatomical relations of the dendrites and the

cells in the nervous system were regulated in accordance with the

law which, in psychology, is known as the law of association,

in which law (in all the different forms8 in which it may appear)

the simultaneity of stimulations or residua of stimulations is

the essential part.

rig. 2 letrodon, showing the ventral position of the ahducens nucleus,

fasciculus longitudinnlis posterior; Xuc.VI, ahducens nucleus; A'. 17,
abducens nerve; r.VII,tn., motor facialis root; tr.l b.r., tractus tccto-hulbaris

ven trails. After Van dor Horst

This anatomical observation, first made on motor cells, led

me to study more carefully the courses of several axon-tracts,

sensor}' tracts, as well ns the so-called '‘central motor tracts,”

such as the pyramids, and it soon appeared to me that a criti-

* Those forms are simultaneity, successivity, similarity and contract. In tho

three first named forms the presence of one stimulus, or remains of a .stimulus,

while the other is added, is obvious. The association by contrast is also due iu

the first place to simultaneity of impression since the simultaneous or successive

contrast makes us discriminate things* black and white, father and mother, et*‘.
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cal study of their relation showed most clearly that the same
law of neurobiotaxis, the simultaneous relationship in their

stimulative function, had been the cause of their final arrange-

ment. 5 So I was able to formulate the phenomena of neuro-

biotaxis in the following words:

I. If in the nervous system several stimulation-charges occur,

the growth of the chief dendrite, and eventually the displaee-

i

l'iis :t Showing that, while the axis-cylinder runs with the direction of the

nervous current, the dendritic outgrowth and the finnl shifting of the cell body

occur against the nervous current, .t, giant dendrites grown out towards the

center of stimulation, /i, the ecll body (perikaryon') has shifted toward the

center of stimulation; the axis-cylinder is consequently elongated.

meat of the cell-body itself, takes place in the direction, whence

the majority of stimuli proceed to the cell.

II. Only between correlated centers does this outgrowth or

shifting take place.

III. The growth of the axis-cylinder (i.e., its final connec-

tion 1 is not primarily regulated by motor centers. 1" but also here

synchronic or successive stimulation (correlation) acts a part. 11

9
rv«li:i Xctirohiofogica. lid. I* 190S.

13 Not !>y 5f>:n* k undefined lran**rrnd**nt!i! willing fteleologically).

11 That K it defined by correlation.
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While, however, it was evident that the approach of the

dendrites and nerve ceils to a territory (fig. 3) took place towards

the center of the stimulation (as a stimulopetal or centripetal

tropism), that is, against the nervous current of stimulation pro-

ceeding from this center, the problem became much more diffi-

cult to explain how the connection between correlated centers

was effected by the axis-cylinder, since it was obvious that the

axis-cylinder docs not grow towards the stimulation (stimulo-

petal) to meet it, but moves in the same direction as the stimu-

lus-irradiation (stimulo-fugal or centri-fugal).

BOK’S RESEARCHES: THE STIMULOC.ENOUS FORMATION OF THE
AXON

That the axis-cylinder really grows with the current and
that the irradiation of this current plays an important part in

its growth has been proved and very carefully examined in this

Institute by S. T. Bok, who got highly important results.

Boku found that when an axis-cylinder or a bundle of amye-
linntcd nerve-fibers grows out and passes nerve cells on its

way, these nerve cells can be activated to send out an axis-

cylinder of themselves in a region perpendicular to the Motivat-

ing axon or bundle (fig. 4).

This fact was found with the fasciculus longituduialis posterior

in such a form as left no doubt, since it appeared that the motor:

nuclei which undergo the influence of this bundle were only

activated according to the degree in which the fasciculus longi-

tudinalis posterior had grown out. So the axons of the tri-

geminal 11 cells first grow out, then follow the axons of the faci-

alis cells, then those of the glossopharyngcus and vagus.

The same was seen in the activation of the oculoinotorius,

abducens and hypoglossus nuclei which nre activated by another

influence of the same character.

11 Bok. Die Entwicklung dcr Hirunerven und ihrer Zcntrnlen Bahncn. Dei

tftimulogcne Fibrillation. Folia Neurobiologica. Bd. 0, 1915. See also Bok,

Stinuilogencous Fibrillation. The cause of tho'slrueture in the nervous system.

Psych, en Ncurologischo Bladen, Amsterdam, 1915.

li Concerning the Trochlcaris. Sec the first-named original.
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Bok, considering the fact that the formation of the axis-

cylinders in those celis took place under the influence of the

current irradiating from the primary activating axis-cylinder,

called this stimulogenous fibrillation, following the direction of

that current in contrast to tiie outgrowth of the dendrites and

l

l Activated neuroblasts

cells

A

t'ir > The activation of adjacent ncurobla«U by an ninyclinatrd (Rrowinp)

fa ! The vertical arrow i r: rj jr;; t es the direction of growth of the activating

bun il- an*! tfic direction of it“ nerve current, v/hich starts at A. The horiitontal

arr-v indicates th" coarse of t!:e irradiating influence (current) perpendicularly

a--t;v.-.*.iriK bundle. Notice that the proximal cells arc sooner activated

, -t *

j

i I:.-.', c move! further'; than the more di“tant ones. After Itok.
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the shifting of the cell body, 14 both of which also only occur later

and which move towards the center, i.e., against the current of

the stimulus that proceeds to them.

This observation and Bok’s interpretation of it are very im-

portant, and no doubt correct. It is evident, however, that the

final end-point of the growing axis-cylinder can not be deter-

mined by this process alone, as was also realised by Bok, who
came to the conclusion that the final connection was deter-

mined by the principal law of .ncurobiotaxis, viz., by the stimu-

lative (simultaneous) correlation of the growing axis-cylinder

and its end-point, i.e., the cell or dendrites with which it is

going to be connected.

Bok thought that this could be effected by the fact that if

two centers are in simultaneous stimulation the ideal line be-

tween the two is the path where the plasmodesms undergo the

greatest influence of this relation. He called this the principle

of the ‘doppelte Bahnung,’ and thought that Einstein’s (physi-

cal) law of attraction between synchronic energies also had some
influence on it.

It soems to me, however, that the principle of ‘doppelte Bahn-

ung,’ as laid down in this theory, can not explain from which of

two simultaneously stimulated cells the axis-cylinders prow out,

and that even the adaptation of the protoplasm to the forma-

tion of the axis-cylinder, eventually a fibrillation of the ncilro-

desms, then might begin in the middle between two cells which,

as we know, it never does. Moreover, the expression “adapta-

tion of protoplasm to its biological function” is too general an

expression to explain anything.

It has appeared to me that the literature of recent years con-

cerning the microchemistry of the neurones and the phenomena

of tropism and taxis known and experimentally examined in

other organisms, together with Bok’s discovery, concerning the

11 If the normal stimulation of the cell body in of little importance or eventually

absent, the coll may also shift in the same direction in which the n\on grows out.

(See inv paper on the autonomic nervous system. Journal of Physiology, 190S,

voi. :n\ p. 139.)
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stimulogenous outgrowth of the axis-cylinders from the acti-

vated cell by and with the irradiating current from a primary or

activating axis-cylinder in its neighborhood, gives us a key of

exceptional importance, to comprehend the phenomena of neuro-

biotaxes in general, arid the contrasting behavior in outgrowth

direction between dendrites and axons and allows us to consider,

perhaps to explain, how it is possible that a unit such as the neu-

rone is may exhibit two opposite directions of growth.

EXPERIMENTS CONCERNING PHENOMENA OF TROPISM AND TAXIS
IN PLANTS AND ANIMALS KATAPIIOKETIC PHENOMENA

It is evident that, in any attempt to explain the neurobiotac-

tie phenomena, these must be compared with other phenomena

which are better adapted t<> experimental investigation. As

such we may mention the galvano-tropie phenomena in the growth

of plant-roots and the orientation of animals in the constant

current, about which we have obtained many data during the

last decennia.

As is known, the phenomenon of gnlvanotropy in plant-roots

was discovered in Hermann's laboratory by AIuller-Hettlingen, lb

who found that, if the sprouting seed of the bean (Vicia fabn)

be exposed to a constant current, the tips of the root turn and

grow towards the negative pole (kathode).

An analogy 1 ' of this galvano-tropie phenomenon is found in

the galvano-taetic phenomenon described by Bancroft
,

17 viz.,

that the tentacles and the manubrium of a medusa, Polyorchis,

during the transmission of a constant current turn towards the

kathode.

In the experiments with the latter this peculiar phenomenon was
oh-<--rv.-(i, viz., that with a long-continued current the side turned
to the anode extended, becoming thinner and weaker; this last phenom-
enon being a symptom of decay, according to this author (vide infra).

11 IMer KnlvnniTrhe Erselieiniincen an Kciuicntlen
S Pfrije r's ArcLiv, 1M. 31. iss-j, j,. jpg.

'•
N>>; a jiroL.-ilily.

1 * dear Exp. vnl, I. p. 2SJJ,



NEUROBIOTAXIS 271

As third example of galvano-taxis the phenomenon discovered

by Verworn 18 in one-celled creatures must be mentioned here,

viz., that these (ameba, for instance) on the transmission of a

constant current through the surrounding medium, send out

enlargements and finally shift in the direction of the kathode.

Verworn at first held the opinion that there were also Pro

tozoa which shift under normal circumstances to the anode, am
he therefore made a distinction between kathodic and anodii

galvano-taxis. Later investigations revealed that the anodii

galvano-taxis must be considered as being something diffeten

from the kathodic, and tliat the direction and shifting of tin

bodies observable in Protozoa under normal circumstances i:

invariably a kathodic galvano-taxis.

Also Boruttau (personal communication) holds the opinion

that every real galvano-tropism is a kathodic stimulation phe-

nomenon. This usual kathodic galvano-tropism can bo brought

into correlation with Pfliiger’s law, as has been pointed out by
Locb and Maxwell .

15

As far as the anodic tropism is concerned, Loeb and Budgctt 5 '

and after then Caaba and Barsatt51 Cownd that when a proto-

zoan, Paramecium, in pure water or in a weak solution of common

u Verworn Die polare Erregung (lurch <!cn galvatiischcn Strom. POnger’?

Arehiv, Bd. -15, I8S9. Venvorn. Die polare Erregung tier Protislen (lurch tlcn

galvaniwhcn Strom (Fortsetzung). Plltigcr’s Arcliiv, Bd. 40, IS90. Verworn
Untcrsuchingcn ubor die polare Erregung der lehendigon Substanz 3te Mittei-

Iumr. Plkper’s Arcliiv, Bd. 02, IS90, S. 415. Venvorn Die polare Erregung

der lebendigen Substanz (lurch den Constnnten Strom. 4tc Mitteilung Pllii-

ger’s Arehiv, Bd. 05, 1S07.

J. Loeb und S. S. Maxwell. Zur Thcoric des G alvano-tropi^mu* Pflugor's

Arcliiv, Bd. 03, 1806.

See also J. Loeb und Walter Gerry. Zur Theorio des Galvniin-tropiamus, II.

Vor.suehe nn WirbcHhieren. Pfliigcr’s Arcliiv, Bd. 05, 1S97, S. 41. J. Loeb.

Zur Thcoric dcs Galvuno-tropismus, III. Ucbcr die polare Erregung der Hart-

dnisen von Amblvstoma (lurch den Gnustanten Strom Pfluger’s Arehiv, Bd. 05,

1897, S. 308.

*“ Loeb und Budgctt. Zur Theorio des Galvnno-tropismus. IV. Mittcdung

Qbcr die Ausschcidung declropositiver lonen an der ausscrcn Anodcn flnche

protopla«nmtischcr Gebildc als Ur*«achc der Ahueichungen vom Pfltigcr'schen

Krregungsgesetr.. Pfliiger’i* Arehiv, Bd. 05, 1S97, S. 532.

** Cneiin und Barratt. I'cbcr Galvano-taxis von Standpunkt der physio-

logUchen Cheinie. Zeitsch. f, allgeineinc Phvziologie. Bd 5, 7, 1905.
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•with a surplus of positive ions, will on the transmission of the

constant current pass to the kathode.

If we accept this theory as correct, we shall have to assume

that in ordinary circumstances—under which the kathodic tro-

pism or taxis predominates—also a greater charge of positive

ions is present in the cell-body of the ameba, or in the proto-

plasm of the tentacles or root-tips, than in the surrounding

extra-protoplasmatic medium. This explanation is not gener-

ally accepted, but that the condition of the extra-protoplasmic

medium is of great importance has also been emphasized by

Loeb and Budgett, who are equally inclined to ascribe the

exceptions to Pfluger’s law (the anodic migrations) to altera-

tions in the extra-protoplasmic medium. They refer to a

phenomenon which may be exhibited by that side of an ameba

or parameeium that is turned to the anode, viz., the extension

of the protoplasm on that side, eventually followed by lique-

faction. This anodic extension, first observed by Verworn

floe, oit.), is the first thing that appears when Protozoa are

exposed to the constant current and precedes the real kathodic

galvano-tropism.

I.oeb and Budgett (loc. cit.) have submitted it to a more

detailed examination and also came to the conclusion that this

process is a result of the extra-protoplasmatic medium. Their

explanation of this anodic phenomenon differs from the one given

by C'oelm and Barratt. They are, however, equally inclined to

consider tins phenomenon as due primarily to changes in the

extra-protoplasmatic medium*5 in contrast to the phenomena
of common tropism following Pfliiger’s laws of irritation. It

may be mentioned -still that the most favorable strength of cur-

rent in those experiments with ameba was only 0.4 milliampere.

Besides these galvano-tactic and galvano-tropic phenomena of

living protoplasm, we know of polar phenomena in dead organic

substances rendered evident by the direction in which albumen
when subjected to a constant current: viz., the phenoinc-

r Perhaps this mode of explanation may he also applicable to the above-
mentioned reversal of the galvano-tropism of root tip* and to the anodal phenom-
enon observed hv Bancroft 'vide supra).
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non of kataphoresis. I refer here to the investigations of

Hardy,” which showed that as long as an albuminous solution is

alkaline the particles suspended in it sliift towards the anode
on the transmission of a constant current, whereas they shift

towards the kathode when the solution is made slightly acid.

One is apt to look for an explanation of tliis also in the fact

that on the boundary between a colloid particle and the sur-

rounding fluid, a double layer hi the sense of the theory of Helm-
holtz-Quinke is present.

If now the solution is alkaline, a transmission of ions will

take place, in consequence of which the albuminous particle

itself becomes negative and thus shifts to the anode on the

transmission of a constant current, while in the case of an acid

reaction of the surrounding fluid the contrary takes place.

From the reversibility of the kataphorotic phenomenon (Ham-
burger)” the curious fact thus follows, viz., that also proteid

particles have the peculiarity that their electric character is

determined by the reaction of the surrounding medium.
That here too, just as hi the above trdpism of the root-tips,

an iso-electric condition occurs is cleai’.

APPLICATION OF THESE EXPERIMENTS TO THE GROWTH OF TIIE
NEUROBLAST. THE FORMATION OF THE AXON

If, with these facts before us, we consider the phenomena
which appear during the formation of an axis-cylinder” in an
activated cell (which precedes the formation of dendrites—see

l* Hardy. On the coagulation of proteid by clcctrieitj’ Jour, of Physiol ,

vol. 2-1, p. 2SSI, ISCKJ. I'roc. Roy. Soc., vol. OS’, p 110, 1000
n Hamburger. Osniotischer Druck und lonenlchre. Wiesbaden. Bergmann.

1WH, vol. 3, p. OS.

M It is hardly necessary to say that the fact that isolated ganglion cells, as in

Harrison's experiments, nmj' also send out axis-cylinders prove* nothing again*!

tho following text. Harrison (loe. cit., p. S.J3) remarks that this is a process of

self-differentiation entirely independent of external conditions. This is true to

a certain extent, hut we must assume that before it becomes a self-diflerentiation

its differentiation has been induced to tho neuroblast in former generations by
external circumstance* and that its doing this by itself is based on hereditary

cngrammatic qualities. It is better to see a problem in things than to explain

them by a word which implies a still greater problem.
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fig. 4). we shall first have to mention the fact that the stimula-

tion center with respect to the surrounding tissue is negative,

forming a kathode with reference to the non-stimulated sur-

roundings, as physiological experiments abundantly prove.

Moreover the strengtli of the electrolytic potential differences

occurring in the nervous system in consequence of stimulation

appears to be of the same category as those that are applied in

artificial phenomena of galvano-taxis (see above) since it. may
vary from 3 millivolt to O.S millivolt and lower, so that the forces

developed here are certainly strong enough to influence proc-

esses of formative tropism and functional taxis.

Now, it may be the same whether this stimulated center is

the body surface in or under which nerve cells lie or whether we

start our deductions with a primary growing axis-cylinder which

on its way passes neuroblasts. This negative potential not. only

runs along the primary axis-cylinder ("fig. 4) but also, we may
assume, a<= long as the axis-cylinder is not provided with an

insulating medullary sheath, that this negative potential stands

perpendicular to the length of the activating axis-cylinder (or

body surface), irradiating from it.''
1

In accordance with this perpendicular irradiation of the

e’ectiolyte nlhu-net . or current, we see that th neuroblasts

near the primary activat'ng bundle send out ax's-cylinders per-

pendicular to the activating bundle, and that similarly perpen-

dicular collaterals may grow out from the original (activating)

axi—cylinders themselves.

In both cases, in the formation of collaterals as well as in the

outgrowth of the axis-cylinder of the secondary (activated)

Jjeuroblasts, the axis-cylinder substance proceeds in the direc-

tion of the perpendicular irradiation of the stimulated fiber,

i.e.. to the* anodic pole.

! Tic irradiativi* -timidit* of naked rccoiis i- very clearly illustrated by the

of ll.e dendrite.* of I’urfcinje** cells perpendicular upon the parallel

V.
1

;:t th'- i:t'*!*-n:lar layer of the reretu-Hnin and of the dendrite* of the motor
eeg. <-•: th- lonritudina! tnal.rdi nvms m the “pinal eord of t’etrotnyzon. See

ray p t'eh-r da" Uindenprobhin, etc., in the Folia Neurobiolot'ioa, Bd.S,
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This first outgrowth which, in the beginning, can be compli-

cated with an anodal katophoretic shifting of the cell body itself

(fig. 4) may be entirely independent of a propagation of the

nervous current itself along the newly formed short axis-cylinder.

As soon, however, as this axis-cylinder is fit for nervous conduc-

tion its rate of outgrowth will be considerably increased, a

much stronger negative current running in the direction of its

growth to the anodal field.

Why does tliis anodic growth occur before the kathodic trop-

ism of the dendrites and the cell body? I will consider this

question in the light of the above-mentioned experiences.

We know that the neuroblast is embedded in an organic solu-

tion, the pericellular lymph, containing a good deal of potassium

salts.

Mncallum has emphasized that the amount of potassium salt

external to the nerve cell is great and that a considerable con-

densation of this clcmont is present on its exterior surface.

Now Verworn has shown that on the transmission of a constant

current the first thing to appear is an anodal expansion of the

cell body, thus showing tliat a change of tension may be local-

ised, by electric influences, on the anodal pole.

We may expect that this extension, being under the influence

of a considerable amount of K and Cl, derives certain chemical

and tropic characteristics from it.

That this really occurs in nerve cells is proved by the chemi-

cal constituents of the axon, compared with those of the den-

drites and cell body.

Wo know from the researches of Macdonald, Mncallum, AI-

coek and lynch that the axis-cylinder is distinguished from the

dendrites and the cell body by a much larger quantity of po-

tassium and chlorides12 (which, according to Macdonald, may
also contribute to its conductivity for the nervous current).

15 MacDonald. The injury current of nerves, The key to its physical struc-

ture. Report of Thoinson-Yntes Laboratory, vol. 4, 1902, p. 213.

MacDonald. The structure aftil function of nerve-fibers. Proceedings of the

Royal Society, vol. 70, B. 1905, p. 322.

Macalluin. On the distribution of potassium in animal and vegetable cells

Journal of Physiology, vol. 32, 1903.

Macallum. Die Mothoden tind Krgcbnisse der Mikrocheinic in tier Hiologis-

Tur jot’itNit. or ctuirA r vti\ n NrfROioor. vot. 27, so. 3
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The large quantity of KCI then present around its colloidal

substance will favor (according to the experiments of Gassner,

Schellenberg. and others) the anodo-tropic character of the axis-

cylinder.

The phenomenon of the formation of the axis-cylinder and its

collaterals in the direction of the anodic field, may thus be so

expressed that we say that the neuroblast embedded in a solu-

tion containing a good deal of potassium and of chloride ex-

hibits, in harmony with the experiments of Loeb, Budgett,

Coehn and Barratt, a tropism at the anodal side of the neuro-

blast and that the KCI constituents of the neuroblast gathering

on this side thus increase (besides its conductivity) the anodo-

tropic character of its colloidal substance. This anodo-tropic

character of the colloidal substance of the axis-cylinder is, more-

over, in harmony with Hardy’s experiments on the kataphoresis

of albuminoids.

Considering the fact, that the kataphoresis which genuine

albumen and lecithin show is already generally an anodic one

(Hober, loc. cit.) it is clear that the additional composition of the

neurone and its surroundings still favors this, since the colloid

particles of the young axon are embedded in a medium contain-

ing a quantity of KCI. that makes its preponderating reaction

alkaline. Moreover the greater conductivity which IvCl gives

it, may cause the greater quantity of electricity to be led

tlirough it.

That the constituents of a peripheral nerve are strongly con-

veyed to the anode is also experimentally shown by Hermann, to

whose experiments l return later (sec p. 29l).

From even' standpoint indeed it seems that the conditions for

the primary outgrowth of the axon along with the kathodic cur-

rent to the anodic field have been realized in the nervous system.

e 1 !-!. I-Vr-vliiing. Ergebniyc tier Physiologic von Asher un<! Spiro, Jnhrg. VII,
P--

Al-o-h am! Lynch. On the relation hetv/een the physical, chemical and
rl' -tnra! properties or the nerves. Part IV: Pota^him, chlorine an'! potassium
ci.ior;'!'- Journal of Physiology, vol. 12, 1910.

Mf.ralhim Surfa-e tension are! vita! phenomena. University of Toronto
St-j'ii'T, No. S, Physiological Series. 1912.
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The outgrowth of the axis-cylinder begins in the chick embryo
about the second day of incubation (Bok).

Not until much later—according to Cajal when the growth
tip of the axis-cylinder has reached, or nearly reached, its end
point (about the Oth day of incubation in the chick embryo,
Bok)—does an outgrowth of the dendrites begin, which make
their way in the direction of the stimulus, that is in the direction

of the kathode.

THE FORMATION AND CONTRACTION OF DENDRITES. THE FINAL
SHIFTING OF THE PERIKARYON

I believe that there is a principal difference biologically as well

as biochemically between the anod'c elongation of the axon

and the kathodio tropism of the dendrites.

The primary growth of the axon is in the beginning not di-

rected to a certain point, but merely from a certain kathodic

center, the outgrowth of dendrites, however, is much more

influenced also in the beginning by their final end-points.

Their tropism corresponds with the regular appearance of the

law of stimulation of protoplasm and exhibits a kathodic char-

acter, probably related with a more advanced nervous function

for which a further stage of development is necessary.

This kathodic growth direction, as well as the kathodic taxis,

is the usual thing in nature and, ns Loeb and Maxwell have

shown, is in harmony with Pfliiger’s law. We only have to

prove that there are no factors which might interfere with it

and change it into an anodal elongation.

This question is the more important since it may be that in

the first phase of outgrowth of dendrites, which is not yet ac-

companied by a secondary shortening of the dendrite and the

shifting of the perikaryon, a kataphoretic process might intro-

duce it or at least be involved in it. Anyhow, the kataphoretic

qualities of the dendrites may never be such that they should

counteract the kathodo-tropic process which certainly is the

chief factor in the shortening (contraction) of the dendrite and

the shifting of the cell.
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rf and Budget! that the kathodic tropism, following the

i:>v.- of irritation, is chiefly dependent on rnfra-cellular proto-

pir:=::.:-‘ir condition? and that the extra-cellular medium does

not :v’t such a part here as it does in anodal extensions.

Irak- d. it seems more probable that the later outgrowth of

the dendrite? a? well as their secondary contraction, including

ihe shilling of the cell body is a process different in principle

from the anodal outgrowth of the axis-cylinder, a process for

which a greater functional completeness of the neurone is neces-

sary. and that wo may only say that the character of the chemical

constitution of the dendrite is not such that it. would interfere

with it by a disturbing anodal process.

There are still three questions that may be mentioned in this

discussion.

MOXOAXOXISM AND POLYDEXDRITISM

The first question is why only one axis-cylinder leaves the

cell, one which becomes complicated only by collaterals which

proceed perpendicularly from it during its course, while from the

cell-hodv. a large number of dendrites may and generally do

grow out to several centers of stimulation (monoaxonism and
polydcmdritism).

To explain the monoaxonism we may first consider what
would happen if two kathodic currents traversed the young
m-urobla«t at the same time. In a purely polar tropism, as

galvano-tropism preeminently is, it is a familiar feature that the

object under the influence of the current places itself so that the

influence i? equally great on both sides of the object. Only
then does the state of equilibrium begin.

<1. I.ofb(; in particular has shown this repeatedly, for example
in his 7th Lecture, in which lie speaks of radiating energy and
heliotropism. and points out that the orientation of a simple

object will continue until all its parts lie at the same angle with

reference to the influence.

** ' 1 /»'>>. Ycrl.-mjijMj u'.H'r u:r- Dynamic iler Eobmi'criflioinimKcn. I.eip-

ii«, j'-t.. ln;tr. Ha,rth. p. 171.
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As long as the influence on right and left, or indeed on all

sides, be unequal, the object will change its position until the

state of equilibrium is arrived at and the influence is the same

everywhere.

Let us now apply this to a charged field from which a stimulus

irradiates and passes to a cell in the neighborhood.

It will be clear, without anything further, that the outgrowth

of the axis-cylinder in the current from the kathodic field to the

anode has a state of equilibrium only in the course, that is,

lengthways, of the current, i.e., in a collateral growing out

perpendicularly or, where the growth stimulus proceeding from

the irradiating current activated a cell in its neighborhood, the

latter must send out its axis-cylinder also perpendicularly from

the source along with the current. This explains the peculiar

fact of collaterals of axis-cylinders in the commencement of

their course having invariably a strictly perpendicular position

with regard to the axis-cylinder."

The irradiation current which radiates sideways from an acti-

vating axis-cylinder must naturally move in a direction perpen-

dicular to this axis-cylinder. This is a physical fact that is only

changed at the growing point of the activating axone.

It will thus be seen that the presence of one axon, as well as

the perpendicular position of the collaterals on the axis-cylinder,

are but natural consequences of the perfect bipolar character of

the current. Now the same holds good if two or more differ-

ently running tracts, or differently placed centers, activate

one cell simultaneously. We then may also expect only one

axis-cylinder in the resultant line of the two current directions

(two bio-electric fields)
,
since only in this lino the equal influence

on both sides of the growing point, the energetic equilibrium,

is realized.

Wlmt will be the case if two or more activating centers are

present not acting simultaneously? One of these activating

centers lias to be the first and causes the initial outgrowth.

*x At the time when coloration and impregnation methods were not so ad-

vanced as now, the differential diagnosis of collaterals and dendrites was some-

times made on account of the perpendicular position of the latter on the axon
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If, however, an axis-cylinder has started to grow, we may
expect that the favorable conditions which it offers for the

current, on account of its greater conductivity, are such that

the obstacle to the formation of a new axon at some other place

is so much greater, that the current will take the present path of

enlarged conductibility, the course of which it may influence

perhaps without, however, causing a new axon to grow out,

the point of application of forces being localized.

The conditions with the dendrites are quite different.

This process is by no means necessarily limited to one part of

the surface of the cell since its whole body containing Nissl

substance is equally sensitive and any stimulation may cause

protoplasmatic shiftings in their direction, whereby the princi-

pal dendrite and finally the shifting of the cell-body itself will

doubtless take place in the direction of the maximal stimulus.

In other words, if another stimulus than the one which formed

the axis-cylinder reaches the cell, it will form no new way out,

since this would require more energy than a following of the.

present path of greatest conductivity, but a new stimulus com-

ing from another center, may produce—or even must produce

—

a new dendrite. Since the perikaryon is equally sensitive (except

the axon hillock) to it everywhere and since already existing

dendrites are not in its path, the nearest cellular or dendritic

surface will be the point of application for its influence, i.e., for

the formation of a new dendritic outgrowth.

THE SELECTIVITY IN THE PROCESS OF NEUROBIOTAXIS IN
HARMONY WITH PSYCHOLOGICAL LAWS

I now come to the second and most important point in the

tract formation, that which determines the selectivity of the

definite connections.

It has escaped the observation of all the earlier investigators

that the selectivity of the tract formation depends upon simul-

taneous. or better, correlative, stimulation. Cajal assumed
chemical secretions coinciding with stages of evolution, also

ascribing an influence to the glia cells in the secretion of such

“substances attractivcs'’ and without pointing out by which factors
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these stages of evolution were defined, which he could not do since

,dns conclusions were chiefly, if not solely, based on ontogenetic,

that is engrammatic observations. Held speaks of a "Prinzip

der Auswalil,” upon the character of which he does not enter,

and with regard to his own researches Harrison* 1 justly remarks:

There is nothing in the present work which throws any light upon
the process by which the final connection between the nerve and its

end-organ is established.

That it must be a sort of specific reaction between each kind of

nerve fiber and the particular structure to be innervated seems clear.

That the relationship for the final connection, which holds

good in the central nervous system for the dendrites and the

cell-shifting as well as for the axis-cylinders exists in the cor-

relative, mostly synchronous stimulation condition of the

elements, 1 first deduced from the selective character of the cell

shifting, and this could be further clearly demonstrated by the

axonic connections existing in the nervous system. It. oven

explains a series of peculiarities in the course of the fiber tracts

which otherwise confronted us as constant but inexplicable facts,

especially in the so-called central motor tracts such as the

pyramids.

This fundamental law of neurobiotaxis shows us not merely

that the fundamental law of association in psychology' is at the

same time an anatomical law, but also how wonderfully polar

the whole character of tract formation is, an how it therefore

falls within the range of the gnlvano-tactic and galvano-tropic

phenomena.

In order to explain this phenomenon of selectivity in an

elcctro-chemichl way, I must draw attention to the following

points.

It is presumed that the presence of potassium salts has the

peculiarity that it greatly increases the conductivity of the

axis-cylinder for the electrolytic current.

There is even an inclination to ascribe the strong conductivity

of the axis-cylinder, ns compared with the synapse, to the high

percentage of potassium salts in the axon (MacDonald, Macallum).

41 llnrrison. The outgrowth of the nerve filler as a mode of protoplasmic

movement. Jour. Exp. Zo6\., vul. 9, 1910, p. 7S7.
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turb a count quite considerably. What are the characteristics of

stage 6? Standing at the transition point between the shrunken

hvperchromatic Hodge stages and the following hypochromatism

and upset of the nucleus-plasma relation, it has a more swollen,

vesicular and disproportionate nucleus than the resting type,

though its plasma now comes to show the average distribution

of chromatic substance of that type. I have pointed out several

times that unless its nuclear size and appearance be kept in

mind, it will be mistaken for a resting cell.

A second point: Stage 13 is one of complete basic dechro-

matization. The Xissl substance is gone, likewise the nuclear

chromatin. The rapidity of such dechromatization depends on

the relative differentiation. It may appear within a few hours

in the Purkinje cell, though probably not unless the animal is

advanced in activity to start with. Not only has it never come
under my observation in a lower type of cell within the time

necessary to produce it in the cortex, but the indications have

always been that the lower cells at this time were many stages

removed from exhaustion. It was only marked, though still not

absolute, after two weeks of continuous excitation of the cray-

fish cell.

Yet Ivocher is extremely liberal with stage 13. He always

finds it in the cervical and lumbar cord cells, and in two cases

out of the four animals counted there are more than from the

cerebellum. Not only do I regard this as impossible on the basis

of differentiation, but it does not jibe with the text, for he only

mentions grades of plasmic chromatolysis, which obviously is

another thing from nuclear plus plasmic dechromatization.

Nuclear dechromatinization would exact a comment from any one.

In other words, some at least of the stages identified as exhaus-

tion are fairly doubtful, and this carries closely related stages.

One is forced to the same deduction for Kocher’s whole table 3.

It is the sort of rebuttal of a criticism that personally is very

distasteful, for it carries the possible imputation that the orig-

inator of said stages is the only one competent to pass judgment
upon them. This is not true, for eight students who have
worked with me have had no difficulty after several months
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study in separating them as well as myself. As Koclier denies

“progressive changes in the morphology of the cells,” it is evi-

dent that he missed the finer points essential to a differentiation.

Outside of these technical points, no denial of the existence of

quantitative differences can be made on the comparison of

four animals. The range of individual variation is too great.

There is no way of telling what, the state of activity with which

the experiment begins. KoCher’s control animal may very well

have been two or three times as functionally advanced as the one

exercised the most was to begin with. I have seen several undis-

turbed animals who showed a degree of activity almost as great

as one subjected to exhausting overstrain. The control com-
parison method, though valuable and frequently the only re-

source, affords no absolute deductions, unless all conditions arc

certain. Apparent inconsistencies, of which I have encountered

many, one by one have cleared up as all conditions became known.

Just for one example, ago is a factor. Very young animals

usually show a hyperactive state ns compared to the adult,

Resting and early active cells may be absent in section after sec-

tion. Very probably this is the reason why Kochcr’s three

month old puppies showed “no discoverable differences in stain-

ing reaction.”

One final rejoinder concerns a matter, which, though even

more distasteful, I refuse to pass over. In April, 1910, I pub-

lished the results of 2200 cell measurements. Even in the pre-

liminary communication of November, 1909, on normal func-

tional activity, which Koclier cites, the results from 1500 of

these measurements were stated, which explicitly did not include

those previously published from the shock and hemorrhage

series. Further, in the same paper the results of differential

counts of 3,000 cells were included. In still earlier communi-

cations, of April and July, 1909, on shock and hemorrhage re-

spectively, which ho also cites, it was made sufficiently clear that

preliminary counts of 1300 and 1200 cells had been made, as it

was stated that 100 cells were counted in each experiment.

From this brief survey, it may be imagined with what pained

surprise one reads from Kochcr, “Obviously the observations
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been made in previous work (‘14, p. 404), and more strongly sup-

ported in some unpublished work, that function is the sole deter-

minant of absolute size. Xon-divisional growth in mass is a func-

tional growth. Here are two animals born together and living

under functional conditions as identical as may be. Their cells

show the same absolute size. It is a noteworthy verification of

the deduction.

It fits in with this relation of function to size that the evi-

dence is accumulating of a tendency to a uniformity of absolute

size among corresponding nerve cells of animals of the same spe-

cies. "When sufficiently demonstrated it would be understandable

on the basis of average general functional usage. The excep-

tions thereto so far in the dog, the unusually large cell, have

been associated with a known history of unusual training and

activity. It makes the nerve cell agree with Conklin’s conclu-

sion that within the same species cell size is approximately con-

stant. Making simply a statement here of the probable prin-

ciple, it is to be noted that these two dogs, being not yet grown,

offer no evidence for or against species uniformity of absolute

size, save that they are progressing together under identical

conditions.

It might be expected and to some extent it is true that all

stages succeeding stage 1, being based quantitatively upon it,

might show this same correspondence of absolute size. How-
ever. in all stages except stage 1, one encounters a shifting range

of size throughout the stage. The results will vary according as

the majority of cells are at one end or the other, or well distrib-

uted in the chance of a section, tstage 1, though there are inter-

mediate grades to stage 2, was frankly selected in both animals

as the nearly flat type, with this very point in view, and inter-

mediate stages were thrown to stage 2.

nu inconstancy or cou.kotivk avi:racks or functioning
CKI.I.S

It only remain.- to demonstrate from the data in table 3 the

mcon-tancies which may result from averaging all cells irrespec-

tive of their functional state, and to expose the fallacy of deny-
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ing on such a basis the existence of functional size changes.

For the inconstancies, take the control data: The average area

of thes mallest cell, stage 5'—and the average covers its own varia-

tions—is 14.57, that of the largest is 27.72 or nearly double;

the average volume of the smallest cell is 70.44, that of the

largest 200 or nearly triple the size. In the exercised animal

with the still larger stage 11, the largest volume is nearly quad-

ruple the smallest, and its area again more than double. Is it

not apparent to any one that if such widely variant sizes or areas

are averaged, the result depends upon the particular distribu-

tion of types and that a wide range of results is possible? If,

out of 20 cells, even in area computation, 5 measure 14 sq. cm.

and 15 measure 27, the average is 24, whereas if 15 measure 14,

and 5 measure 27, the average is 17 sq. cm. The results may
or may not prove anything about the immediate functional state.

One can then with fair probability explain what did happen in

Kocher’s case. He finds only small variations in average area

size between control and exercised animals and these not con-

stant. So far as different functioning stages appear, they tend

to be distributed rather than bunched. A general average, taking

into account the smaller range of variation of area figures, would

tend to equalize the differences due to unequal distribution of

various-sized types.

So ICocher, having smoothed out individual cell variations by
averaging, found no great difference between an animal and its

control. His results are just what might be expected in prob-

ably the majority of cases, and instead of confounding the writer

in respect to functional size changes, tend only to support the

induction previously stated of a uniformity of cell size as a gen-

eral rule for a species. Were it not for this tendency to equality

of size of corresponding cells, collective averaging would not have

afforded so many positive results as it has.

Since the method of collective averaging is the one which has

been always used, how about such results as those of Hodge?
Are they discredited? No, but they must be qualified, nodge
found a smaller size in the stimulated spinal ganglion as com-
pared with the unstirnulatcd simply because there were enough
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The granule cell layer shows a wide range of types among its

neurones. The following types, based on a study of Golgi prep-

arations, have been distingushed among the granule cells of

the bulb-

1. Intrinsic or type II cells. These neurones have small

cell bodies, with dendrites that arc short, thorny, and branching,

and which pass out in every direction from the cell body. No
axones can be distinguished. These cells are intrinsic neu-

rones, serving for the correlation of impulses within the layer.

vSome of the smaller stellate cells appear to serve as intrinsic

neurones, at least so far as can be judged from the material

studied.

2. Stellate cells (figs. 27. 28). These are similar in appear-

ance to the cells so named by Sheldon in the teleostean olfactory

bulb. The cell bodies are angular or somewhat star-shaped

as the name indicates. The dendrites are thick and thorny

and many branched and extend out towards the periphery of

the bulb. In the plexiform layer they interlace with the den-

drites of the mitral cells and of the goblet cells. Some of the

dendrites extend outward into the glomerular layer but it was

not determined whether these dendrites actually entered into

the formation of glomeruli, as Sheldon (’12) found to be the

ca-e in the teleosts. The axones in many cases form synapses

with branches of the mitral cell dendrites. Sometimes they

enter the tractus olfactorius, although they have been followed

no great distance in it. Some of the smaller stellate cells do not

send their dendrites outward beyond the cell bodies of the mitral

cells. Furthermore the axones of such cells often end about

other cells of the bulb and so serve as intrinsic neurones.

3. Goblet cells (figs. 25 to 27). These are large, oval cells

who-e dendrites are similar in appearance to those of the stellate

cells. Sometimes the dendrites of the goblet cells reach the glo-

merular layer, and have been seen entering into the formation

of a glomerulus In other cases, the dendrites of the goblet

cell- do not enter the glomerular layer but are dependent upon
the mitral cells for their stimulation. The axones of the gob-
let cell- enter the tractus olfactorius, at least in some cases.
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From the standpoint of their types of synaptic connection ap-

parently three functions are served by the neurones of the granule

cell layer. The first of these is that of diffusing and summating
the incoming olfactory impulses and so strengthening the dis-

charge into the hemispheres. This purpose is served by the

type II cells, the stellate cells, and, in part, by the goblet cells

(particularly those found in the anterior part of the bulb). All

these cells receive their impulses by way of the mitral cells and
do not send their axones into the tractus olfactorius.

A second group of these stellate and goblet cells send their

dendrites into the glomeruli and their axones into the tractus

olfactorius and so, from a functional standpoint, are practically

mitral cells.

The third function served by neurones of the granule cell

layer is that of acting as the cells of secondary olfactory nuclei.

Such cells receive impulses from the mitral cells and send their

axones into the tractus olfactorius. The goblet and stellate

cells offer examples of this type of neurone.

Judging from what is known of the development and spe-

cialization of the centers of the central nervous system, it seems

but fair to suppose that, in phylogeny, the centers of the olfac-

tory bulb arose from undifferentiated central gray. Johnston

(’118) has shown that in Petromvzon and in Acipenser, neurones

of this mitral cell type arc found all through the central gray.

The same author (’15) has described,' in Cistudo Carolina, a

granule cell layer in which are cells functioning ns mitral cells.

Certain cells of the central gray' (on the whole those nearer

the periphery) will receive a larger number of the, incoming

olfactory1 impulses. Under the operation of neurobiotaxis

(Kappers, ’14) such cells will lie drawn toward the periphery

and, in this way, a mitral cell layer will be formed. Accom-

panying such a migration toward the surface and the conse-

quent higher specialization, there will be a differentiation in

form and in size to meet the greater demands.

Not all the cells left in the central gray will lose their connec-

tion with the fila olfactoria and so certain goblet cells and prob-

ably some of the stellate cells (although the proof for this is not
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Nucleus prcopticus (fig?. 9. 10, IS to 21). This term lias been

applied to the cell mass which appears in the region of the pre-

optic. recess just in front of the level of the commissures and which

extends caudad still occupying this position. It passes over

into the hypothalamic region with no definite line of separation

between the two areas. The nucleus preopticus receives im-

pulses from the stria terminalis, from fibers of the medial olfac-

tory tract which have decussated by way of the anterior 'com-

missure. and, at its anterior end, from some few fibers of the

tract of the diagonal band of Broca.

Interstitial nucleus (figs. 10, 19, 20). Cajal (’ll, vol. 2, p.

723) described this nucleus and figured it in the mouse, calling

it •‘noyau interstiel de la voie dc projection de l’ecorce tempo-

rale.” He says further “Malheureusement, il nc nous a pas

£te possible de determiner de far;on precise les relations qui

existent entre la bandelette senii-circulare et cc noyau, ct cela

a cause de la rarete dcs bonnes impregnations. Ajoutans epic

cet amas de la region sousthalamique pourrait fort bien etre

encore un ganglion nioteur.”

Johnston (To) has described the olfactory projection tract

of Cajal for the turtle but has said nothing of the interstitial

nucleus. In the alligator the nucleus appears in the preopt ic

region near the posterior end of the hemisphere as a ridge of

cells extending Interaiward in close relation with the nucleus

ventro-medialis, arching dorso-medialward above the forebrain

bundles and extending medialward into relation with the more
dorsal part of the mass of the preoptic nucleus. It extends

caudad throughout the prcoptic region but in the hypothalamic

region i.- gradually replaced by the hypothalamic nuclear ridge.

Part of the fibers of the olfactory projection tract of Cajal

ari.-e from the vontro-medial nucleus. Cajal (’ll, vol. 2, p.

72.'i, fig. 4fi3i has shown some of the neurones of that nucleus

giving ri-e to these fibers. Many of the fibers having such an
origin quite probably send off collaterals among the cells of the

interstitial nucleus. Part of the fibers of this olfactory projec-

tion tract arises from the interstitial nucleus. The tract passes

caudad with the fornix into the ventral part of the hypothalamus.
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Nucleus of the diagonal hand of Broca (figs. S, 9, 17). This

nucleus was first described for reptilian brains by Johnston (To)

in tlie turtle, Cistudo Carolina. It is present, in the alligator

in practically the same relations as in the turtle. It appears

behind the level of the tubcrculum olfactorium ns a dense col-

lection of cells arranged in- a cortex-like layer in the ventro-me-

dial angle of the hemisphere. It extends dorsnhvard along the

medial surface as a somewhat less dense, cortex-like layer which

comes into relation with the medial parolfactory area and can-

not be sharply distinguished dorsalwnrd from the cell mass of

the primordial hippocampus. It extends from the ventro-me-

dial region lateralward, as scattered clusters of cells, into rela-

tionship with the nucleus of the lateral olfactory tract. The
nucleus of the diagonal band extends posteriorly just outside

of the medial forebrain bundle into the region of the preoptic

nucleus. It is accompanied, as in the turtle, by bundles of

fibers which serve for connecting the lateral and medial olfac-

tory areas. The writer is particularly indebted to Dr. C. ,1.

Herrick for aid in identifying this nucleus in the alligator.

Basal nuclei of the lateral wall. Students of the reptilian brain

have generally recognized two basal centers in the lateral wall

of the cerebral hemisphere, the corpus striatum nnd the epi-

striatum, and some have recognized a third region distinct from

both of these, comparable with the mammalian nucleus amygda-

lae. According to these observers, the epistriatum is the more

dorsal member of the complex and is in continuity with the cor-

tical lamina. The extent of this continuity varies in different

reptiles, depending upon the species and the general form relations

of the hemisphere, particularly upon the ventro-lalernl extent

of the ventricle. In Tcstudo graeca, DeLangc (’13a, p. 113,

fig. S.) has shown that the epistriatum is continuous with the

lateral or pyriform lobe cortex throughout its whole extent.

Kappers and DeLangc consider the epistriatum to be striatal

in origin and to have acquired secondarily a connection with the

cortical lamina. They consider the epistriatum an olfactory

nucleus of the second order and the entire epistriatum complex

the homologuc of the mammalian nucleus amygdalae.

THE JOURNAL OV COMTARITIVE MfROtOtiT, > M, 27, NO. 3
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visceral centers, a lateral group which is the place of termina-

tion for the somatic impulses brought in by the optic and lem-

niscus systems and, intermediate between these two groups, a

third nucleus which receives fibers of both the visceral and

somatic type. This nucleus is the nucleus mcdialis or the

nucleus rotundus of some authors.

In the medial group arc the nucleus anterior and the nucleus

magnocellularis. The nucleus anterior (figs. 10 and 11, 20), as

its name implies, lies at the very anterior end of the thalamus.

It is dorsal in position and its cells are smaller and more closely

packed together than are the cells of the lateral nucleus. It re-

ceives fibers from the hypothalamus and is connected with the

small celled ventro-medial part of the hemisphere by means of

a fiber tract.

The lateral group includes the nucleus lateralis, a special

derivative of this nucleus—the pulvinar—and another optic

center which most writers have termed the corpus geniculatum

laterale. The nucleus lateralis is conspicuous because of the

large size of its neurones. The cell bodies of these neurones

(figs. 41, 42, 43) are large, goblet or triangular in shape, and have

thick thorny dendrites which extend out in every direction from

the cell bodies. The axones enter the lateral forebrain bundle.

This nucleus is lateral in position, being lateral and somewhat
vcntro-Iatcral to the nucleus anterior and lateral to the nucleus

mcdialis for rotundus). It receives lemniscus fibers and some
optic fibers and, with the lateral thalamic optic centers, repre-

sents the beginning of the neothalamus (Edinger) of higher

forms, i.e., that lateral portion of the thalamus which serves

as a place of synapse for nervous impulses passing to the neo-

pallium and which develops parallel with the development of

the neopallial cortex. In the more posterior part, of the thala-

mus, a lateral portion has begun to differentiate away from this

nucleus and to form a beginning of the pulvinar. This separate

nucleus is developed under the direct influence of the incoming

optic fibers.

There are other cell masses in the thalamus proper, as for

example the nucleus reunion- figured in the alligator brain by
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DeLange (’13); but the writer knows too little of their relation-

ships or significance at present to discuss them.

Hypothalamus. The hypothalamus of the alligator is highly

developed. An examination of figures 11 and 12 will show
that a number of cell groups are present. In his 1913 paper

DeLnnge has named these different groups. No attempt has been

made to do so in the present paper because of a lack of knowledge

of the fiber connections of the different groups.

FIBER CONNECTION'S

With the foregoing descriptions of the cell groups as a basis,

attention can now be turned to the courses and terminations

of such of the fiber tracts as have been worked out. Papers

published by C. L. Herrick, Edinger, Adolf Meyer, Knppcrs,

Unger, DeLnnge, and Johnston contain descriptions of the fiber

connections of the reptilian brain. These descriptions in al-

most every case, have been based on adult material, the work

being done with Weigert preparations which bring out the myelin

sheaths. On the other hand, the work for this paper 1ms been

done chiefly with Cajal and Golgi material, which bring out the

unmyelinated fibers and, in many cases, the axis cylinders of

the myelinated ones. Tte.pented attempts to prepare a scries

stained by the Weigert method were not successful so far as the

forebrain was concerned. These failures, of course, may have

been due to faulty technique, but only extremely young mate-

rial was available and in such materinl many of the myelin

sheaths may not have become mature. C. J. Herrick (’10)

has figured on pages 537, 539, and oil some cross sections of

the forebrain and the thalamus of Alligator mississippiensis

showing the fiber tracts and the positions of some of the centers.

These drawings were made from Cajal material and were of

much help. A series stained with Ehrlich's haematoxylin and

an imperfect scries prepared by the I.cudcn van Heumon method

wore used to check the results obtained by the C’njal inetlu d.
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representatives of that tract in reptiles. It has been termed in

this account, the ventral olfactory projection tract.

The portion of this tract which arises from the pyriform lobe

and associated regions is evidently the same tract as that de-

scribed by Kappers and Theunissen (’OS, p. 225) for the lizard,

Iguana, under the name tractus olfocto-habenularis (see figures

21 and 22 of their paper). Farther forward these authors de-

scribe it as turning latcralward to connect with the ‘lateralen

Lobusrindc' (fig- 20). which is apparently the pyriform lobe region

of the present account.

There are probably other components of this fiber complex

which have not been impregnated in the preparations studied.

3. Tractus cortico-habcnularis lateralis posterior (figs. 20, 21).

This large system of fibers arises from the nucleus of the lateral

olfactory tract and the vent ro-latoral part of the dorso-lateral

area. Some of its fibers may arise from the overlying cortex of

the pyriform lobe. These fibers pass medialward, at the same

time sweeping dorsalward to avoid the area of distribution of

the stria terminalis. At the lateral border of the thalamus they

run parallel with and dorsallv of the stria terminalis fibers (figs.

20, 21) and here they turn abruptly dorsalward to enter the

stria medullaris thalami.

4. Tractus nlfacla-habcn ularis mcdialis (figs. 20, 21). This

tract arises from the more posterior portion of the nucleus pro-

opticus, runs dorsalward medial to the medial forebrain bundle

and turns forward and forms the most anterior part of the stria

medullaris.

5. gracln* nlfacto-habenularis lateralis (figs. 20, 21). This

tract has its origin from the more anterior portion of the nucleus

preopticus. It runs first latcralward on the extreme ventral sur-

face of the brain vent rally of the basal forebrain bundles, then

backward and dorsalward, joining the tractus cortico-habcn-

ularis lateralis anterior in the angle between the vcntro-medial

nucleus and the lateral forebrain bundle and passes dorsalward

with it to enter the stria medullaris. (tree description of trac-

tus cortico-habcnularis lateralis anterior for a further account

of the relations.

j
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and tlie preoptic portion of the stria tcrminalis'. Some of the

fibers arise probably from cells of the interstitial nucleus and

fibers from cells of the ventro-medial nucleus probably send

collaterals into the interstitial nucleus. The fibers of this

great olfactory projection tract as they swing mediahvard come

into relation with the descending fibers of the columna fornicis

and there turn sharply caudad and run with the latter bundle

backward, inedialward and vcntralward to the mammillary body

(figs. 20, 21). (Dr. C. J. Herrick first called the writer’s at-

tention to the fact that fibers of this olfactory projection tract

join the fornix fibers and accompany them vcntralward).

Ram6n y Cajal (’ll, vol. 2, pp. 722-723, fig. 402) has de-

scribed and figured this tract and its associated nucleus in the

mouse. Johnston (To) described the tract in the turtle. He
considers it to be the characteristic connection of his medial

large celled nucleus of the amygdaloid complex (the ventro-

medial nucleus of this description), but does not mention the

interstitial nucleus which accompanies it.

jBasal forebrain binuUcs

Medial forebrain him rf/c (figs. 9, 10, to 21, M.F.B.). This is the

tractus septo-mcsencephalicus of Unger and DeLangc. It arises

from the parolfactory (septal) nuclei and runs, accompanied by
fibers of the fornix longus, mediahvard and vcntralward until

it meets the lateral forebrain bundle, which lies farther laterally.

The two bundles can be distinguished from each other for a long

distance because of a difference in the angles at which the fibers

are running. Finally the two become closely mingled and it re-

quires careful study to distinguish them, although such a dif-

ferentiation is quite practicable. According to DeLangc (T3)

and Unger (’ll) the medial forebrain bundle runs to the midbrain.

In the alligator in material prepared by the Cajal method a

part of the fibers appear to end in the hypothalamus (tractus

olfarto-hypothniajnicus of the literature), while others pass

caudad to the midbrain (tractus olfac.to-peduncularis).

There i- no direct evidence in the material studied regarding

the direction of conduction, but the probability is. that impulses
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pass in both directions. It serves, then, partly as a discharge

path from the parolfactory areas (tractus parolfacto-hypothn-

lamicus and tr. olfacto-peduncularis) and perhaps also from the

tuberculum olfactorium, and partly as a pathway by which vis-

ceral impulses from the hypothnlamic region may reach the

medial parolfactory area (tractus hypothalamo-parolfactorius)

and, either with or without a synapse there, the hippocampus.

Fibers connecting the parolfactory areas and the hippocampus

run on the medial and lateral borders of the medial forebrain

bundle.

Lateral forebrain bundle (figs. 9, 10, to 21, 37, 45, 40, L. F. B.).

This bundle is made up in part of nxones arising from the pro-

jection cells of the striatum. It runs ventro-medialward, joins

the medial forebrain bundle on its lateral side, and then passes

caudad into the dienccplialon. This is the tractus strio-thalam-

icus of DeLange and Unger.

Besides these components of the lateral forebrain bundle which

carry impulses from the striatal region, there are fibers from the

lateral and medial nuclei of the thalamus which run ventral-

ward and join the other fibers of this bundle and then go for-

ward to the striatum. These fncts are known because nxones

or the cell bodies of the lateral nucleus and nucleus rotundus

have been seen to join this bundle (tractus thalamo-striaticus,

or thalamic projection tracts).

There is a second thalamo-striatal path which runs from the

anterior nucleus of the thalamus to the vcntro-lateral small

celled part of the hemisphere (that pnrt which is Johnston’s

nucleus caudatus). This has been described by Johnston,

DeLange, and others.

GENERAL DISCUSSION

The problems of forebrnin morphology and especially those

dealing with the evolution of the cortical areas have always had

a peculiar fascination for the comparative neurologist. The
broad lines and many of the details of forebrain development

throughout the vertebrate series have been brought out by such

observers ns Edingcr, Elliot Smith, Johnston, Herrick, and

Knppers.
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It is with considerable hesitation that the writer has under-

taken the analysis of the anatomical data given on the preced-

ing pages. Insufficient time and knowledge and the lack of

experience have been very clearly realized and the following state-

ments are offered merely as suggestions or as possible interpre-

tations of some of the changes occurring and the factors opera-

ting during forebrain evolution.

Following the type of interpretation of Edingcr, Herrick, Kap-

pers, and Johnston, centers of the alligator hemisphere may be

classified under two general heads which may be subdivided as

follows

:

1.

Centers dominated by olfactory impulses

A. Basal centers

1. Medial olfactory area

Nucleus olfactorius anterior (in part

)

Nuclei of the septum (in part), or parolfactory nuclei

2. Lateral olfactory area

Pyriform lobe complex (in part)

Amygdaloid complex (in part)

3. Intermediate olfactory area

Tubcrculum olfactorium

Nucleus olfactorius anterior (in parti

Nucleus of the diagonal band
4. Correlation centers between telencephalic and diencephalic regions

Tubereuluin olfactorium (in part)

Parolfactory nuclei (in part)

Nucleus commissuralis hippocampi

Bed nucleus of the anterior commissure
Nucleus preopticus

Interstitial nucleus of Cajal

Amygdaloid complex (in part)

B. Cortical centers (archipallium of Edingcr)

1. Hippocampal formation

Ismail celled non-laminated part of hippocampus (the prirnor-

diurn hippocampi of Johnston, ’13 and ’la)

Dorso-medial cortex (primordial gyrus dentatus, Elliot Smith,
’'.•'i. Meyer, Levi, ’01)

Dorsal cortex (hippocampal cortex, suhiculum of Johnston ’1.3)

2. Lateral cortex t pyriform lobe)

3 Ccncral cortex (to some flight degree)

11 Center.- dominated by ascending rornatic impulses from the thalamus
C. Ba«-d contras

1. Dorr'flatersl area

2. Ir,t« rrr.e-dio-lateral area

3. Ver.: rodatoral areas (rornparahle to corpus striatum of Jolm-ton 'I'd
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D. Cortical centers

1. General cortex (m part)

Primordial Rpnorol cortex (a special portion of this area in close

relation with the dorso-iatcrnl area)

The basal olfactory centers of the telencephalon will be seen

to be separated into two broad groups. In the first group arc

those of the medial, intermediate and lateral areas which serve

primarily as secondary olfactory centers. These are old in type,

having their representatives in the hemisphere from cyclostomcs

(Johnston, T2, Herrick and Obenchain ’13) up through the ver-

tebrate series to man. They were originally simply a place of

synapse and consequent redistribution of incoming olfactory

impulses.

The second group of basal olfactory centers includes those

which have developed within the hemisphere later in the phylo-

genetic history ns a place of correlation between olfactory and

non-olfactory impulses. It is significant that some of the centers

(as for example the tubcrcuium olfactorium), judging from

their fiber connections, are both secondary olfactory nuclei

and correlations centers for olfactory and non-olfactory impulses.

It is the forward growth, then, of non-olfactory fibers from the

dienccphalon into the secondary and tertiary olfactory centers

of the hemisphere which has given the impulse toward differ-

entiation to the telencephalon. These nuclei of the hemisphere,

which serve as correlation centers for the olfactory and non-ol-

fnctory impulses, represent the beginning of that higher differ-

entiation. Yet these basal centers do not form true cortex.

In the Amphibia (Herrick, ’10) in the ventro-medial part of the

hemisphere, centers showing such type of correlation are pres-

ent and the medial forebrain bundle, which opens the possibil-

ity of connection between the olfactory centers and the visceral

centers in the hypothalamus, is well developed. In the dor.-o-

incdial part of the hemisphere of Amphibia the material, which

is the primordium of the liippoeampus, is present; it is under the

influence of olfactory fibers and, to some extent, of fibers of the

ventro-medial area of mixed function as just indicated. But

here no clearly developed cortex is found and it is not until the



ELIZABETH CAROLINE CROSBY378

basal olfactory and non-olfactory correlation areas are well de-

veloped. as in reptiles, that true hippocampal cortex begins to

appear.

Johnston has emphasized the fact that the hippocampus is

an olfacto-visceral center, although in a later paper (’15, p. 412)

he has said that there are olfacto-visceral correlations in the subic-

ulum as well. It is well to notice that these types of nervous

impulses are not first assembled in the hippocampus. On the

other hand, this cortex simply brings together material already

correlated, partly in the hypothalamus and more completely

within the basal telencephalic centers. Three types of centers

concerned with olfactory impulses are represented then within

the hemisphere.

1. Those basal centers concerned with the distribution of ol-

factory impulses and their summation and correlation among
themselves.

2. Those basal centers concerned with the correlation of

olfactory and non-olfactory impulses.

3. Those centers which receive impulses from correlation cen-

ters of the second type or from similar non-olfactory correlation

centers and integrate these impulses. This integration of ma-
terial already correlated is characteristic of the reptilian cortex.

Into the hippocampus come impulses from the parolfactory area

and the tuberculum olfactorium on the one hand, and from the

pyriform lobe cortex by way of the alveus on the other hand.

In Amphibia (Herrick, TO) the primordium hippocampi oc-

cupies the dorso-medial portion of the medial wall of the hemi-

sphere. This region has all the characteristic fiber tracts of the

hippocampus (cf. Herrick, TO, p. 480) but there is no differen-

tiated cortex in this region except possibly to a small degree in

Anura. where there is a row of cells close to the surface of the

ventro-medial wall which send out wide spreading dendritic

processes among the incoming fibers and which resemble in cell

characteristics those cells fountl in the alligator at the anterior

end of the hippocampal formation.

In lower reptiles the dorso-medial area begins to form true

hippocampal cortex. In the turtle, although, as has already been
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pointed out (see discussion of hippocampus), tlicre is a clearly

defined arrangement of a considerable part of the hippocampal

formation into definite cortex-like layers, these layers have not

moved out from the ventricle as in higher forms, but still form

a ventricular mass.

The hippocampal cortex of the alligator represents another

step in advance in differentiation, for here the cortex has moved
away from the ventricle and accompanying this differentiation

has been the specialization, at least to a considerable extent,

of its medial aspect to serve as the afferent side of the cortex and
its lateral aspect to serve as the efferent side. One of the causes

at least, for the outward migration of cells of the dorso-medial

area to form the hippocampal cortex is probably to be found in

the operation of the law of neurobiotaxis (Knppers, ’1*1). Ac-

cording to this law, cell bodies tend to migrate along their den-

drites toward their source of stimulation. The medial olfac-

tory tracts and other tracts bearing afferent impulses to the

hippocampus are on the media! surface of the hemisphere and

the cells of the developing cortical layers move out toward the

surface of the hemisphere in order that they may come into

closer relationship with the incoming impulses.

To recapitulate, the following steps appear to have lead from

the primordial hippocampal type to the relatively simple type

of cortex found in part of the hippocampal area in the alligator.

In Amphibia (Herrick, ’10) the afferent and efferent fibers

spread out all through the dorso-medial area. Following a

higher differentiation of the diencephalic and telenceplialic sub-

cortical correlation centers, there is a higher differentiation in

the dorso-medial area so that the arrangement of the cells into

cortex-like layers, such as we find in the turtle, occurs. This

second step is followed in other reptiles by a further specializa-

tion of a part of the hippocampal cortex, so that it has an afferent

medial side ami an efferent lateral one.

The non-olfactory diencephalic fibers, which enter the telen-

cephalon for the purpose of forming correlations with the incom-

ing olfactory impulses, are partly visceral and partly somatic

in type. Those ascending from the hypothalamus by way of
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I-’ic**. ;1-12 A series of transverse sections through the hemisphere of Alli-

gator inis<i«sippiensts. Toluiilin hhte. X 1ft. The serial nttmhers of tin 1 sec-

tions figured are appended to the descriptions.

I’ig. Section through the posterior part of the olfactory crus showing the

anterior part of the pyriform lobe and the hippocampus (Id : US'fi)

Fig. I Section .-lightly eaudad to the prowling, showing the primordimn
of the general cortex ilf> : .'US).

Fig. Section illu-trating the characteristic appearance of the general cor-

tex US
Fig. fi Section somewhat eaudad to the preceding (I!) : :J70).

Fig 7 Section through the posterior part of the primordium of the general

cortex, showing the basal nuclei of the lateral awl medial walls in that region

(21 : dlf.i.

Fig K Section -lightly eaudad to figure 7 <-'-i : -l.'iii).
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1'ig. 0 Section through the level of the diagonal hand of Uroeti, showing f lie*

relations of the parolfactory nucleus anil priruordium hippocampi (27:l,-l).

(.1 .1' ami H It' show the orientation of figure ,‘JO. 1

l ie- It) Section through the anterior end of the thalamus. Note the relative

positions of the ventro-lateral. small-eelled area and the nucleus anterior thalami

(Z ) : 1

1

!lg. 11 Section through the nucleus lateralis- thalami. Note the large size

of the ee||- :t{ ; i.
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l ie- 1- Section through tin- habenular runiimpsurc. (32 : 3, 3).

I'i ir=. U-l!l Tran-ver-o M-rlion- prepared by tin* Cajal method. Sections

from two different rent-* v.ere mod in preparing this of drawing*. X 13.

fig !."! Crii-' reotiun through tin- loft olfactory bulb anterior to t lie olfactory

ventricle. Thi* eharnetcri-tie grouping* of the internal and ••vtoriml granule

eel!* and * be ring-lila- arrangement of the mitral coll* arc dearly alinwn. Tin*

itmomiiie lila olfaotona ati<l the glomeruli art- ‘-houn in the future 13:3, 2).
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1*1
15. 14 A transverse not*lion through the posterior psirt of the olfactory

cr»H where it is broadening out into the hemisphere (3 : 251).

Fig. 15 A t ratiaverse section through the right hemisphere at the anterior

end of the neopallial primordiutn (S : 3, 3).

Fig. 10 A section near the anterior end of the medial forrhrain bundle, M.

F. II. (12 : 1 , 1 ).

Fig. 17 A section a short distance anterior to the hipfxjcampal cnmtnh»<utre

(14 :2, 3).
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Fir 20 Station through tlic anterior \»trl of tin* tlmlanmt-. showing t l»o rela-

turn*- of the filler tiart* (12 : SOo)

Fiji. 21 Section through the antenot put of the ItnfM'imln \\2 ; VJ.H.
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i if: ,;7 Tin- i- :i <1 1 mitt

;

mi of a transverse .‘•crtiun through the hemisphere lit

'!,o level of the primoidiat infolding. The cells of this primordial general cortex

an round or gohlet ‘Imped dig. 10i and have their dendrites directed outward

i ’el tli' ii axotii- mil ard aii'l downward into the striatum. The axnries come into

r. 1-ition-hip with the projection cells of the striatum, and, after a synap-e, the

:o [>:!'• i- earn- d to. the a\on< - of these projection cells through the lateral fore-

t.e. o t *i u.die to the lower renter-. Impulses reach the primordial general eor-

i •. from ti c hipp e -noptl-, the pyriform lohe and the thalamus n iy way of the

I .!• :•<! forehr.vm handle. The interpolated neurone (hilr.C.'i pietttred in the

d >oi t “t l.rotnth: out very clearly in the Golgi sections, for, although

to .: - of that tyf" were -reti in the Motion-, they were never clear enough
for ! : v ’

.
poor draw inc- ."'i v« ra! typ-- of neurones ••an lie distinguish' d in the

I I

'

”.‘d r 1 ;>:• -> * ton* and the • • 11 lairded ‘jut rin-ie cell’ i- a Kite- 1 at one of their
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Fig. 3S Frojet turn cell of tin* ventro-laternl arm. l'or orientation see figure

37 (Cl l : 120).

Fig. 30 CVll from the anterior part of the pyriform lol*n ((II :93).

Fig. 39a Din pram for tin* oriental ion of figure 30

Fig. 10 Cell from the primordial general eortev (til : 105), For orienta-

tion we figure 37.

Figs. 41—13 Celia of the nucleus lateralis thulium (Cl : LOO; (il : 13!*;

(;i : ir,o).

Fig. 43a Diagram for the oiientntion of figures 41—13.
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A second lest was therefore made using, in this ease, an albino

rat suffering from so-called 'pneumonia.' This animal had

dropped from 204 to 1S4 grams in body weight in GO days. Au-

topsy showed badly infected lungs with hemorrhagic areas and

pus cavities.

A brother from the same litter was used as a control for this

animal. The control animal had increased in body weight from

2G7 to 315 grams during the same period of GG days. Autopsy

negative.

TATd.lt I

NO. aor

vrrifijrr

AT
TTMr. or
KILLING

srmirr. or
rrm i:<* *v rruo-
Nral Nr ftvf.H

Awrrvr.i: *»criov\i, A«r\ or rouTY lujokat
riurn* is* tQibuti, Mtcut

uiii.t

HiKlit l.rft

I'llvr Axi* fShoatb 11!XT Axb Kh<*r\th

&72o* 251

(pneumonia'

1S4 22 Ul

mi
100 2 SO c oo.o>B 45.0

Combine! nwrar" of right nn<! left

Filler 111.2 Axis 42.7 Sheath OS.

4

rMcfj 251
i 315

j

2210
;
22%

|

(control)
j j

<

7S.1 10S.8 4.7.1 0.5.7

Comlmml ttvmje of rijdit Arid left

Fiber 110. S Axis 44.9 Sheath 71.

h

Table 2 gives the summarized records of the examinations

made of both right and left nerves from both the ‘pneumonia’

animal and its control. In this case the technique followed was

the same as in the first test. Forty of the largest fibers of each

nerve were measured in this instance, giving the sectional area

of the entire fiber, its axis arid its sheath in square inicra.

It will be setai from table 2 that in the diseased animal the

average sectional area of the 40 largest fibers from the right

nerve i- less, while the average sectional area of the 40 largest

fibers from the left nerve is greater than in the corresponding

fibe rs of th<- control animal. If the averages from the right and
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loft nerve fibers of each animal are combined it will be seen that

the fillers of the diseased animal are slightly less in area than
those of the control animal. The difference, (5.0 square miera)
however, Is slight and probably insignificant. The axis-slieath

relation in both animals is the same—3S.5 per cent axis to 61.5

per cent sheath.

This test left the matter in doubt, but it seemed desirable to

examine other cases of diseased animals.

•PNEUMONIA' HATS

For this further work, three groups of so-called ‘pneumonia’
rats were examined—each group being controlled by a healthy

animal from the same litter.

TABLE 3

Series Pneumonia rals and controls from same litters

Pneumonia rals

K

5

t

s

$
d
a

strain

2
5
K
5

II

§*

•/.

K

5

b

11
*5
6

wrorof

xvuuza
or

rjm.hn

A' i-itAor «tzi: or rerntr i.mioiat
rintha is sqvaih utrm

KI*1»t peroneal l*ft peroneal

| 5 flI 1
7.

a

.43

1

362
.

7 -’51 Ext -inbred* IS! Pneumonia 2210 2230 100 2 .to r, 00 GIW it, n 7G 3

421 9 .HIm Ext -inbrod 213 177 Pneumonia 2122 coco 137 3 SO 1 1G1 2 60 7 91.4

425 , 20m Ext.-inbred 305 2S2 Pneumonia 2145 tOOfi 133 5 33 7 79 S 135 9 35.C SO 4

415 131 Inbred 312 201 Pneumonia 2017 19SS 12S 2 53 0 75 1 119 3 47.0 71 -1

447 Inbred 331 292 Pneumonia 2010 1910 115 4 4
Ii

G7 0 132.9 57 1 75 5

Averages 2119 2028 122 9 “ s
i

72 7 131 3 51.7 79.0

toft XKc 1(1% jOVc

Control rats

353 o'

420 o'

A 1G 9

7,25
1 1

Ext.-inbred

29,335, Ext .-inbred
35'-151

j

Inbred

31.7 XcR.
33.7 317.5 Xi'K

sis eas Xi-k-

2210

2122

1073

2296124 0 40 S7S ill OS 8 13 1

‘2105 139 8)52.6 $7 3 130 852 2

I803J109
IM 1 4j05.4jl27.ry5 1

05 7

7S 5

72.4

Average* 3111
'

Jiosjiel
pj

IT »j70.ojl52 3|.70 1 72 2

1
lilt; .73%

Extracted inbred albino rat.
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cent osmie acid, dehydrated, emhedded and sectioned in the

usual manner. The stimulated nerve and its control were pre-

pared in the same solutions, thus receiving identically the same

technical treatment.

Twelve animals of the same sex and strain and of about the

same ages were vised in these experiments and the results are

here presented in table 4.

TAiu.r, 4

Serif -
J All males. Effects (rolumrtric) of electrical stimulation on the periph-

eral tierce filers. ( Peroneal tierce.)

'The ace of one animal was 102 days, all the others range

between 140 ami loo days, and the group for this purpose may
be considered of one age*—an average of 153 days. Autopsies

made on ten of these animals proved to be negative. Two were

rmt autnpded, but showed no signs of disease. It will be noted

that the average number of fiber- on the right and left sides is

practically identical- right 2071. left 2000—adding further proof

of -ymmetry so fur a- number of libers i- concerned.
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The variability in number is shown by the following deter-

minations.

In making these determinations the formulas given by Daven-
port (’09) have been used for the standard deviation, a, the coeffi-

cient of variability, C, and the probable errors of these, as well

as of the mean, ill.

Number of fibers in right peroneal nerve—average or 12 caiea. Average age

153 days.

M (mean) 2071 • Mt « ± 18

a 00 tre » * 13

C 4.6 C( « * 0.00

Number of fibere in left peroneal nerve—average of 12. eases. Average age

151 days.

M (mean) 20G0 M( « =* 17

a 87 <rt « ~ 11.0

C
'

4.2 C, « * 0.51

In examining the sectional area of fibers we note that in

8 of the 12 cases the fibers of the right or stimulated nerve are

less in sectional area than those of the left nerve. In one case

(No. 303) the difference is large.

Tailing the average sectional area of the stimulated fibers

we find it to lie 03.7 square inicra, while the average of the left

fillers is 9S.-1 square micra. The difference here shown between

the averages is -1.7 square micra or approximately 5 per cent of

t he smaller number.

An examination of these measurements by the usual statis-

tical methods gives the following results, table 5.

TABLE 5

Right peroneal Left peroneal

Stimulated fibers Control fibers

M (mean) 03 7 pq. inicra Me “ **= 2 3 A/ (mean) 0S.4 sq. micra M, *» 1.1

a 11.8 at *= * 1 C a 5 0 ct = **• 0,*»

C 12.6 » *» 1.7 C GO Ct « «* 0 8

The difference obtained between the stimulated and the con-

trol fibers is 4.7 square micra. The probable error of this determi-

nation is =l2.5.
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The variability is shown by the following determinations:

Number of filers in right petnncal nerve—average of 15 cases. Average age

150,0 (lavs.

M (mean) 203S

c 07

C 4.7

Mr — =»* 17

Of m -J- 11.0

C( — =* 0.57

Number of fibers in left peroneal nerve—average of 15 cases

150.0 days.

.If (mean) 2032

cr SO

C 3.S

Average age

.1/, -
<7,

=•

c, -

rf-- 13

=*= 0.0

* 0.37

A comparison of the average sectional areas of the 40 largest

fibers of the right and left peroneal nerves shows that in four

r\m.i: c

Series 15. Control*. Xormnl novd-t r and sice of myelinated fibers in peroneal nerve
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eases the two sides arc within 1 per cent of one another; in S of

the remaining eleven cases the average of the 40 largest fibers is

greater on the right side.

The axis sheath relation here is practically 40 per cent axis to

GO per cent sheath.

Taking the 15 cases together, the average size of fibers of the

right peroneal is 9G.S square micra, the average of the left 91.5

square micra, the difference being 5.2 square micra, indicating

that the largest fibers of the right peroneal nerve are more than

5 per cent greater than those of the left.

Examining these results by statistical methods we obtain the

following table 7.

TABLE 7

Right peroneal fibers Left peroneal filers

M (moan) 06 8 sq micra = =*= 1.3 M (mean) 01.5 sq micra «= * 1.6

a 7 6 ot = * 0.9 a 0.7 at 1.1

C 7 0 C( - * 0.9 C 10.6 Ce - * 1.3

The observed difference between the average sectional area

of right peroneal fibers and left peroneal fibers as shown by
table 7 is 5.2 square micra.

The probable error of this determination is ±2.1 ; a little more

than one-third of the difference observed.

If, however, the first seven entries of table 0 be considered

separately the average of the right peroneal fibers is found to be

7.7 square micra greater than the average of the left peroneal

fibers, while in the last eight, entries this difference is only 3.1

square micra. If No. 342, which presents the greatest difference

between the right and left fibers, be omitted, then the average

of the right peroneal fibers becomes 90.4 instead of 9G.S and

the average of the left peroneal fibers becomes 92.7 instead of

of 91.G, and the difference becomes 3.7 instead of 5.2 square

micra.

From the statistical examination of table 0 and this further

analysis of its contained data we may safely assume that the

difference here shown between the sectional areas of the largest

fibers of the left peronenl nerve and those of the right peroneal
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weight, but were not known to lie of the same litter or of the

same age.

Comparing male pneumonia' animals with male controls the

total number of right and left peroneal fibers of the diseased

animal is in every ease less than the total number of right and

left peroneal fibers of the control; this difference is 5.S per cent.

Xo significant differences were observed ‘ between the sec-

tional areas of fibers from ‘pneumonia’ rats and those from the

controls. The axis-sheath relation in both ‘pneumonia’ rats

and their controls is -10 per cent axis to GO per cent sheath.

In this group of rats from 251 to 45-1 days of age, the older the

animal the fewer the myelinated fibers found in their peroneal

nerves. This applies to both ‘pneumonia’ and control rats. The
fibers of the greatest sectional area occur in those animals 335

days of age. the younger and the older animals present fibers of

less sectional area.

Data are presented to show that from age 147 days to age

251 days the peroneal nerve gradually acquires more fibers at

the rate of about two fibers per day. In two groups of three

animals each, aged 335 days and 454 days, respectively, the

number of fibers is shown to decrease with advancing age. Be-

tween 251 and 335 days of age the rat acquires its largest and

its greatest number of peroneal fibers.

In a series of twelve animals in which the right peroneal nerve

of each rat was electrically stimulated for thirty minutes the sec-

tional areas, of the stimulated nerve fibers were slightly less when
compared with those of the left or intact nerve, but this dif-

ference may be regarded as insignificant.

Fifteen albino rats were examined to determine the normal

sire of peroneal fibers of the right and left sides. This exami-

nation of the largest fibers showed that there is practical sym-
metry between the right and left peroneal fibers.

Twelve normal inbred albino rats of 153 days average age have
an average of 2070 fibers in their peroneal nerves and the aver-

age sectional area of the ten largest fibers of these peroneal nerves

i-: 10S.fi square miera.
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CONCLUSIONS

In the five scries of albino rats here examined the axis-sheath

relation varies but slightly. Its range is from 3S per cent

axis: G2 per cent sheath to 43 per cent axis: 57 percent sheath;

an average of 40 per cent axis: GO per cent sheath.

The symmetry as to number of fibers in the right and left

peroneal nerves is almost exact, the difference shown in one

group of twelve and another of fifteen animals being less than

0.3 per cent.

Pathological conditions like the so-called ‘pneumonia’ which

is more or less acute and occurs during the later period of growth

in albino rats, appears to lessen the number of myelinated pero-

neal fibers, but produces no measurable change upon the sec-

tional area of (lie largest fibers. (

In the examination of fifteen rats measurements show that

symmetry as to sectional area of the largest peroneal fibers

exists between the fibers of the right and left peroneal nerves.

• Electrical stimulation of a peroneal nerve for thirty minutes

appears to have no measurable effect upon the sectional area of

nerve fibers.

In the data presented there is confirmation of the work of

Dunn (’12) that sectional area of myelinated fibers decreases

slightly in old age; of the work of Grccnman (T3) that the in-

tact nerve of an operated animal loses in both number and sec-

tional area of fibers.

The number of fibers in the peroneal nerve increases with

age until age 250 days is reached and begins to decrease at or

before 335 days of age. After the first year of life the sectional

area of peroneal fibers decreases with advancing age; at 335 days

of age this process of reduction has already begun.


